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ABSTRACT
Following larval development in coastal waters, the
postlarval stage, the megalopa, of the blue crab enters
estuaries and colonizes juvenile/adult habitats. Potential
mechanisms for transport of megalopae into Chesapeake Bay
include direct and non-local wind-forcing, residual bottom
water inflow, tidal currents and internal waves. Variation
in the abundance of megalopae reaching estuarine nursery
areas may impact local demographics and, potentially, baywide population dynamics. In this four-part study, I
examine the dynamics of the immigration of blue crab
megalopae in the York River, Virginia.
Plankton samples were collected nightly during flood
tide in the York River Jul-Nov 1987, 1988 and 1989 to
quantify variation in abundance of blue crab megalopae
during the recruitment season. The abundance of megalopae
was highly episodic, and significantly correlated with wind
stress to the west (1987, 1988 and 1989), wind stress to the
north (1989), and observed tidal range at Gloucester Point
(1987 and 1988). Megalopal abundance was not correlated
with current speed, water temperature, salinity, or
Chesapeake Bay subtidal volume. Thus, two processes, tidal
currents and wind-forcing of surface waters, appear
important in facilitating the immigration of megalopae.
While in the estuary, megalopae vertically migrated in
response to light and tide. Blue crab megalopae were more
abundant during flood than ebb, indicating that megalopae
selectively occupy flood waters. Ascent of megalopae into
the water column appeared to be light limited. At night,
megalopae were concentrated at the surface; during day, they
were concentrated near the bottom in deep water, but
apparently did not ascend from the bottom in shallow water.
Thus, megalopae utilize flood currents for transport up the
estuary while reducing the risk of predation to visual
predators.
To examine spatial variability in recruitment, blue
crab megalopae and juveniles were sampled in the plankton
and on natural and artificial settlement substrates at two
sites in each of two locations. Spatial patterns were not
consistent across habitats or time. Densities of megalopae
and first-stage juveniles in grass beds correlated with
megalopal abundance in the plankton; settlement on
artificial substrates did not. Total juvenile abundance
exhibited lower spatial and temporal variability in grass
beds than that of megalopae or first-stage juveniles,
suggesting high post-settlement mortality or migration from
areas of high settlement.
The effects of two potential predators, two densities
of megalopae, and two levels of habitat complexity on
mortality of blue crab megalopae were examined in laboratory
experiments. Sand shrimp, Cranoon septemsoinosa. consumed
x

>99% of available megalopae; grass shrimp, Palaemqnetes
ouaio. consumed 37% of megalopae in the first trial and 5%
in the second trial. Predation rates were similar among
density-habitat treatments for each species. Predation by
grass shrimp was not related to the rate of metamorphosis of
megalopae, but may have been related to water temperature.
Physical transport processes affect the timing and
intensity of megalopal immigration in the York River. Such
variability in supply of megalopae influences local
settlement rates and likely recruitment to the adult
population.

IMMIGRATION OF BLUE CRAB ICALLINECTES SAPIDUS)
MEGALOPAE IN THE YORK RIVER, VIRGINIA:
PATTERNS AND PROCESSES

CHAPTER ONE

GENERAL INTRODUCTION

Approximately 70% of contemporary marine bottom
invertebrates have pelagic larval development (Thorson,
1950; Mileikovsky, 1971), although there is considerable
variability and flexibility (sensu Hines, 1986) within and
among taxa.

An important advantage of possessing planktonic

larvae is the potential for dispersal of propagules.
Possible benefits of larval dispersal include 1) reduced
crowding with parental population, 2) spread of siblings, 3)
increased gene flow among populations, 4) greater recovery
potential in variable habitats, and 5) colonization of new
habitats (Thorson, 1950; Mileikovsky, 1971; Scheltema, 1971,
1975; Chia, 1974; Strathman, 1974, 1981).

Planktotrophic

larvae, however, generally suffer high mortality from
starvation, predation, and transport of larvae away from
habitat suitable for metamorphosis and juvenile survival
(larval wastage).

Nevertheless, some return of progeny must

occur with high probability or populations would not persist
over time, and pelagic larval development would not be so
widespread among marine benthic invertebrates.
2

Invertebrate larvae generally are poor swimmers, and
although most have some ability to regulate depth, currents
dominate over larval swimming speeds in the horizontal.
Thus, differences in larval abundance over broad areas (km)
likely result from localized spawning activity and physical
processes (eg. currents, fronts, mixing).
ability varies among taxa.

Larval swimming

Some, such as mollusc and

polychaete larvae, have little control over their position
and, in certain instances, their transport may be modeled as
that of passive particles.

in contrast, the postlarvae of

decapod crustaceans exhibit a high degree of depth
regulation which influences transport.
Settlement is defined as the termination of pelagic
larval existence and the assumption of a sessile or
sedentary life (Scheltema, 1974).

For species with motile

adults, settlement occurs when the larva or postlarva
terminates the planktonic phase, becomes associated with a
substratum (at least temporarily), and undergoes
morphological transition to the juvenile/adult form.

Local

settlement rates are determined by the number of competent
larvae that reach an area, site selection by larvae, and
fine-scale hydrodynamics at the settlement site (Bousfield,
1955; Wethey, 1984; Gaines et al., 1985; Butman, 1987; Judge
et al.. 1988; Roughgarden et al., 1988).

Recruitment - the

number of individuals of a species that settle in a
particular area and survive to a certain age or size 3

incorporates settlement rate and post-settlement mortality
and movements (migration and dislodgment).

Although post

settlement mortality may play a large role in structuring
communities (Keough and Downes, 1982; Summerson and
Peterson, 1984; Connell, 1985; Paine et al., 1985;
Roughgarden et al., 1988), the correlation between
settlement rates and subsequent population size remains
significant in coral reef fishes (Sale, 1980; Sale et al..
1984; Victor, 1986; Doherty, 1987) and sessile invertebrates
(Keough, 1984; Connell, 1985; Gaines et al., 1985;
Sutherland, 1987; Judge et al. 1988; Bertness et al., 1992).
Thus, the vagaries associated with a long-lived planktonic
larva may determine fluctuations in recruitment and
subsequent population abundance and distribution.
In estuaries, where the net flow is seaward, larvae
risk advection out of the estuary and away from habitat
suitable for juvenile and adult stages.

Although

circulation patterns alone may suffice to explain estuarine
retention of barnacle larvae (deWolf, 1974) or settlement
patterns of oysters (Boicourt, 1982), many estuarine-spawned
larvae exhibit behavior(s) that promote retention in the
estuary.

In particular, vertical motility - in response to

environmental stimuli or ontogenetic development - permits
larvae to occupy layers of the water column that differ in
their net velocities.

Vertical migration allows larvae to

feed on food resources near the surface yet retain position
4

in the estuary by descending to bottom waters that have a
net landward flow.
Stancyk and Feller (1986) reviewed the literature on
estuarine transport of non-decapod crustacean larvae.

For

most taxa the evidence is not convincing that the transport
of larvae differs from that of passive particles.
notably oysters, had received the most study.

Molluscs,

Bousfield

(1955) observed that young oyster larvae in the Mirimichi
estuary (eastern Canada) remained near the surface and were
transported downstream, but older larvae descended and were
transported upriver to the region of the parental
population.

In the James River (a subestuary of Chesapeake

Bay), oyster larvae maintained a position higher in the
water during flood than ebb, leading Wood and Hargis (1971)
to propose that larvae were able to maintain position in the
estuary or effect upstream transport via tidally-related
vertical migrations.

Boicourt (1982), however, observed

that differential spat settlement between two subestuaries
could be explained by circulation alone, although he did not
rule out the possibility of larval behavior.
Among estuarine invertebrates, larval distributions and
behavior are best known for the decapod crustaceans.

Larvae

of the mud crab, Rithropanopeus harrisii, are retained
within estuaries (sandifer, 1973, 1975; Cronin, 1982; Cronin
& Forward, 1982; Lambert & Epifanio, 1982, 1986; Johnson,
1985).

Larvae maintain position in the estuary by
5

vertically migrating about the level of no-net-motion.
Migration patterns are complex and include temporal
components related to current speed (6.2 h), tides (12.4 h)
and time of day (24 h) (Cronin & Forward, 1986).

Mud crab

larvae exhibit tidal rhythmicity, moving up in the water
column during flood and reaching lowest mean depth at low
tide (Cronin & Forward, 1982, 1983, 1986).
appears to be endogenous.

This rhythm

Larvae collected from the wild

exhibited a circatidal pattern in the laboratory in the
absence of external cues, and larvae hatched in the
laboratory from wild-caught females exhibited vertical
migration synchronous with tides at the female capture site
(Cronin & Forward, 1983).

Larvae of R. harrisii are

sensitive to salinity changes (Latz & Forward, 1977), and
patterns of salinity change with tide may entrain circatidal
rhythms, although a co-occurring pattern of hydrostatic
pressure change may also be involved (Naylor and Isaac,
1973; Cronin & Forward, 1983).

The response of R. harrisii

zoeae to increasing salinity is increased activity (kinesis)
oriented upward (negative geotaxis) (Latz & Forward, 1977).
Zoeae of R. harrisii also exhibit nocturnal vertical
migration.

Under natural light conditions, zoeae alter

their position in the water column, remaining associated
with a preferred light level (isolume).

A decrease in light

intensity stimulates increased activity, also oriented as
negative geotaxis, and larvae move toward the surface.
6

Light intensities above a threshold level promote a sinking
response.

The threshold light intensity at which response

is stimulated changes during larval development such that
latter stage larvae (Z III-IV) remain deeper in the water
than earlier stages (Forward et al., 1984).
Larvae of R. harrisii were distributed higher in the
water during maximum tidal velocities, resulting in a 6.2 h
periodicity in their vertical distribution (Cronin &
Forward, 1982) .

Such patterns may result from passive

redistribution of larvae during turbulent mixing, but Cronin
& Forward (1982, 1986) suggested that larvae actively
responded to tidal mixing during times of maximum current
flow.
Retention of R. harrisii larvae is effected by
behavioral responses (taxis, kinesis), both endogenous and
exogenous, to multiple stimuli in the estuarine environment.
Vertical migrations associated with diel, tidal, and current
rhythms about the level of no-net-motion permit larvae to
remain in the vicinity of the parental population.
The studies of larval behavior by T. W. Cronin, R. B.
Forward, Jr. and their colleagues have provided the clearest
picture of the mechanisms by which certain planktonic larvae
are retained within the estuary.
unique in this capacity, however.

This mud crab is not
Based on distributions of

zoeae within the York River-Chesapeake Bay system, Sandifer
(1973, 1975) suggested that larvae of three carridean
7

shrimps and eleven brachyuran crabs may be estuarineretained.

The case for retention of some brachyuran species

(including Eurvpanopeus depressus. Hexaoanopeus
anaustifrons. Neopanope savi. Panopeus herbstii. Pinnotheres
ostreum. and Rithropanopeus harrisii) has been supported in
subsequent studies (Lambert & Epifanio, 1982; Dittel &
Epifanio, 1982; D. F. Johnson, 1985; Maris, 1986).

Maris

(1986) examined distributions of decapod larvae in the lower
Chesapeake Bay and estimated that 90% of the species were
retained; this being the dominant recruitment strategy of
decapods in the vicinity of Chesapeake Bay.
Other decapod larvae are not retained but are flushed
out of the estuary with subsequent reinvasion by later stage
larvae, postlarvae or juveniles.

This strategy incorporates

additional risks of advection away from the natal estuary by
coastal currents, and increases the importance of larval
behavior tuned to transport processes.

Stage I zoeae of the

anomuran Callianasa californiensis were expelled from the
estuary during ebb tides, with no apparent retention of
larvae (Johnson & Gonor, 1982).

Return to the estuary was

by postlarvae during flood tides.
Larvae of fiddler crabs (Uca spp.) are also exported
from estuaries (Christy & Stancyk, 1982; Lambert & Epifanio,
1982; Brookins & Epifanio, 1985; D. F. Johnson, 1985; Maris,
1986; Epifanio et al., 1988).

Zoeae are distributed from

mid-depth to the surface where they are transported to lower
8

regions of the estuary and offshore (Lambert & Epifanio,
1982; Maris, 1986; Epifanio et al., 1988).

Maris (1986)

observed that zoeae underwent limited vertical migration.
All larval stages (Z I-IV, PL) of Uca have been collected
within large estuarine systems, suggesting that some
retention may occur (Sandifer, 1973, 1975; Dittel &
Epifanio, 1982; Maris, 1986; Epifanio et al., 1988).

Late

stage zoeae and megalopae may occupy bottom waters to resist
flushing from the estuary and possibly to assist in upstream
transport, but circatidal vertical migration of megalopae
appears to be the primary method by which new recruits reach
marsh habitats (Meredith, 1982; Epifanio et al., 1988).

It

is especially noteworthy that such a recruitment strategy is
found in semi-terrestrial fiddler crabs that have little
potential for reinvasion as juveniles or adults (Epifanio,
1988).

Epifanio et al. (1988) have developed a conceptual

model of fiddler crab recruitment in Delaware Bay that
incorporates hatching rhythmicity, larval/postlarval
transport, and a filtering effect of salinity to shape adult
distributions of the three species (U. minax. U. pucnax. U.
pugllatpr) within the estuary.
A third estuarine species that exports its larvae to
coastal waters is the blue crab, Callinectes sapidus.
Aspects of its recruitment dynamics are the focus of this
research.

9

Recruitment Dynamics of the Blue Crab
Hatching and larval development
After mating, female blue crabs migrate away from lowsalinity regions of estuaries to spawn.

Ovarian development

follows insemination, and ova require at least two months to
develop (Hard, 1942).

Eggs are fertilized during spawning

as they pass through the seminal receptacles (spermathecae)
and become attached to the female's pleopods.

Number of

eggs per spawn ranges from 0.72 - 2.75 million (Churchill,
1921; Truitt, 1939; Pyle & Cronin, 1950; Hines, 1982), and
females may spawn more than once from a single mating.

The

length of the spawning season varies with latitude (Millikin
& Williams, 1984).

In Florida, spawning occurs February -

October (Tagatz, 1968), but is limited to April - September
in Chesapeake Bay (Van Engel, 1958).

In Chesapeake Bay,

females that mate in spring may spawn in late summer,
whereas those that mate during summer will not spawn until
the following spring (Van Engel, 1958).

Spawning activity

of blue crabs is bimodal, generally with peaks in spring and
late summer (Van Engel, 1958; Tagatz, 1968; Palmer, 1974;
Perry, 1975).
Most egg-bearing females occur in the lower, high
salinity portions of estuaries or in coastal waters outside
of estuaries (Churchill, 1919; Truitt, 1939; Van Engel,
1958; Darnell, 1959; Tagatz, 1968), and laboratory studies
(Sandoz & Rogers, 1944; Costlow & Bookhout, 1959; Davis,
10

1965) show that salinities greater than 18 psu (practical
salinity units; equivalent to ppt at the precision of
measurements in this document) are necessary for successful
hatching and survival.

Eggs hatch approximately two weeks

after extrusion (Churchill, 1919; Pyle & Cronin, 1950).
Churchill (1919) noted that time to hatching was less (12-15
days) at 29.4°C than 26.1°C (14-17 days).

Hatching is not

associated with periods of maximum tidal range (lunar or
semi-lunar rhythms) as with intertidal estuarine crabs
(Salmon et al., 1986).
Blue crabs have seven zoeal stages and a megalopa
(postlarva)

(Costlow & Bookhout, 1959), but plasticity

exists in both number of stages and morphology.

Costlow

(1965) observed six, seven or eight zoeal stages prior to
the megalopa and noted that morphologies occasionally had
features characteristic of more than one stage.

From a

batch of sibling C. sapidus larvae reared by Sulkin et al.
(1976), all that reached the megalopa stage did so after six
zoeal stages.

A prezoea stage has also been reported from

laboratory cultures (Churchill, 1942; Truitt, 1942; Sandoz &
Rogers, 1944; Davis, 1965).

Costlow and Bookhout (1959),

however, did not observe a prezoeal stage, and Sandoz and
Rogers (1944) considered the prezoeal stage to be abnormal
and terminal - a result of less than optimum rearing
conditions.

Davis (1965), however, contends that larvae

hatch from the egg as prezoea and molt to the first zoea
11

within a few hours.

The zoeal stages are strictly

planktonic whereas the megalopa exhibits planktonic and
benthic affinities.
Larval survival and rate of development vary with
temperature and salinity.

Zoeae rarely completed molts to

the second stage at temperatures <20°C or salinities <20
psu.

Generally, temperatures of 20-30°C and salinities of

23-32 psu are considered favorable for larval development
(Sandoz & Rogers, 1944; Costlow & Bookhout, 1959; Sulkin &
Epifanio, 1975).

From the appearance of larval stages in

plankton collections, Churchill (1942) estimated that crabs
pass from hatching to megalops in about one month.

Under

favorable conditions (25°C and 20.1-31.1 psu) in the
laboratory, development from hatching to the megalops stage
required 31-49 days.

The megalops stage lasted 6-9 days at

20.1 and 26.7 psu but required 10-20 days at higher (31.1
and 32.0 psu) salinities (Costlow & Bookhout, 1969).
Costlow (1967) achieved good survival of megalopae to the
first crab stage across a range of temperatures (20-30°C)
and salinities (10-40 psu), but survival was reduced at low
temperature (15°C) or low salinity (5.0 psu).

Mean duration

of the megalopal stage increased with decreasing temperature
(30°, 6.4 d; 25°, 9.3 d; 20°, 17.0 d; 15°, 45.6 d; from Table
1, Costlow, 1967).

Considerable variability in larval

duration also has been observed under constant conditions
(Costlow & Bookhout, 1959; Sulkin & van Heukelem, 1986).
12

Sulkin and van Heukelem (1986) observed that larvae reared
at 23°C and 30 psu salinity reached the megalops stage in
31-60 days with most appearing between days 34-45.
Megalopae transferred to 15°C cultures exhibited lower
survival and longer time to metamorphosis than megalopae
transferred to 21°C.

Within these temperature treatments,

megalopae reared in 30 psu salinity had greater survival and
shorter duration to metamorphosis than megalopae reared in
35 psu.

Sulkin and van Heukelem (1986) noted that increased

salinity or reduced temperature imposed on a sample of
megalopae just prior to metamorphosis exaggerated the
already substantial variability in raegalopal duration
observed under constant culture conditions.

Thus, based on

laboratory culture, total larval development lasts
approximately 40-70 days (30-50 for zoeal stages and 10-20
for megalops), but duration of larval stages, especially the
megalops, is variable and may be prolonged in response to
environmental conditions.

Larval distributions
Coinciding with known distributions of egg-bearing
females, blue crab larvae have been found concentrated near
mouths of estuaries (Truitt, 1939; Churchill, 1942; Graham &
Beaven, 1942; Tagatz, 1968; Sandifer, 1973; Goy, 1976;
Maris, 1986).

Truitt (1939) observed that larval

concentrations diminished both upstream and seaward of a
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zone extending 32 km within the mouth of Chesapeake Bay.
Churchill (1919) identified five zoeal stages and the
megalops from plankton collections in Chesapeake Bay and
noted that their abundance was greatest in the shipping
channels at the bay mouth.

Early stage zoea (Z I and II)

were predominantly at the surface whereas the later stages
(Z III and IV) were predominantly near the bottom (complete
larval development had not been described at that time).
The megalops was only collected in bottom samples
(Churchill, 1942).

These findings supported the notion that

larval development was largely confined to waters of the
lower Chesapeake Bay (Churchill, 1919; Van Engel, 1958).
Subsequent sampling within estuaries indicated that
zoeae were not retained.

Although Z I and Z II stages were

abundant in lower estuaries, Z-III was collected
infrequently, and later zoeal stages were rarely collected
(Pinschmidt, 1963; Tagatz, 1968; Sandifer, 1973).

Only Goy

(1976) collected all blue crab larval stages (zoeal and
megalops) from within an estuary (Chesapeake Bay).
Early zoeal stages are predominately at the surface.
Laboratory studies have shown that first stage zoea exhibit
positive phototaxis, negative geotaxis, and high
barokinesis, characteristics which promote movement to the
surface (Sulkin et al., 1980; Sulkin & van Heukelem, 1982;
Sulkin, 1985).

High concentrations of stage I zoeae near

the surface at inlets during nighttime ebb tides suggests
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that larvae are released during nighttime high tides, swim
to the surface and are flushed out to coastal waters on the
ebbing tide (Dittel & Epifanio, 1982; Provenzano et al.,
1983? Epifanio et al., 1984).

Tagatz (1968) also saw no

evidence that zoea were retained within the St. Johns River,
Florida.
Sulkin et al.

(1980) postulated that ontonogenetic

changes in blue crab larval behavior (response to gravity
and pressure) provided a basis for differential vertical
distribution of larvae during development.

The mechanism

for retention or exchange of larvae between the estuary and
coastal waters involves nontidal landward flow of bottom
water into estuaries.
Field investigations documented that blue crab larval
development occurs mostly in coastal waters, usually in the
surface layer and occasionally at considerable distance
offshore (Nichols & Keney, 1963; Tagatz, 1968; Dudley &
Judy, 1971; Smyth, 1980; Stuck & Perry, 1981; McConaugha et
al.. 1983; D. F. Johnson, 1985; Maris, 1986; McConaugha,
1988; Epifanio et al., 1989).

Nichols and Keney (1963)

found early stage Callinectes larvae abundant near shore and
later zoeal stages and the megalopa common offshore (32-64
km).

Greatest numbers (combined developmental stages)

occurred at 32 km offshore.

Smyth (1980) also collected

later stage zoeae and megalopae of Callinectes in the
neuston 10-80 km offshore.

McConaugha (1988) reported
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maximum concentrations of blue crab larvae (combined stages)
50 km seaward of the Chesapeake Bay mouth, and Johnson
(1982) observed peak densities of megalopae 33 km offshore.
In concordance with field observations showing that
megalopae occur primarily in offshore surface waters,
laboratory studies revealed positive phototaxis and negative
geotaxis in blue crab megalopae (Sulkin & van Heukelem,
1982).

The broad occurrence of larval stages in coastal

waters and especially the surface layer (Smyth, 1980;
McConaugha et al., 1983; Johnson, 1985; Maris, 1986)
suggests that blue crab larvae do not remain within the
gravitational circulation of estuaries.

Sulkin and Epifanio

(1986) noted that the fate of larvae will depend upon biotic
sources of mortality present on the shelf and upon dispersal
that will be controlled by coastal circulation.

Transport in coastal waters
Mean flow of shelf water in the Middle Atlantic Bight
(MAB) is to the south at speeds of about 5-10 cm sec; driven
by pressure and density gradients (Bumpus, 1973; Beardsley
et al., 1976; Beardsley and Boicourt, 1981; Boicourt, 1981;
1982).

Estuarine water exiting major estuaries of the MAB,

such as Chesapeake and Delaware Bays, turns south as a
result of Coriolis force and entrainment in the southerly
shelf flow (Boicourt, 1981, 1982; Ruzecki, 1981: Pape &
Garvine, 1982).

The plume, or lens of estuarine water, is
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identifiable at considerable distances from its source,
although mixing (tidal and wind) with shelf water occurs
constantly (Boicourt, 1981; Ruzecki, 1981).

Southward

flowing shelf water of the MAB is eventually entrained into
the Gulf Stream at Cape Hatteras (Bumpus, 1973; Beardsley et
al., 1976).

Obviously, blue crab zoeae carried out of the

estuary during ebb tide would also be advected south away
from their natal estuary.

Occasional reversal of the mean

flow on the shelf (Bumpus, 1973) or displacement of the
plume by wind (Ruzecki, 1981) would appear unreliable
mechanisms to return sufficient larvae to the vicinity of
the natal estuary.
The occasional flow reversals reported by Bumpus
(1973), however, have been subsequently shown by current
meter moorings (Beardsley et al., 1976; Boicourt, 1981,
1982; Pape & Garvine, 1982) and theoretical treatment
(Johnson et al., 1984; D. R. Johnson, 1985) to be a
persistent phenomenon during summer months.

During summer,

when shelf waters are stratified, winds from the south drive
a northward-flowing band of water (approximately 20-50 km
offshore) against the general shelf flow.
This pattern of surface flow occurs when blue crab
larvae are present on the shelf and provides a mechanism to
retain larvae in the vicinity of their estuary of origin
(Boicourt, 1982; Johnson et al., 1984; Epifanio, 1988;
Epifanio et al., 1989).

Using a model of summer surface
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flow in the MAB,

D. R. Johnson (1985) back-traced the

trajectory of blue crab larvae from areas of observed
megalopal concentrations (D. F. Johnson, 1982, 1985) to the
vicinity of the Chesapeake Bay mouth.

Epifanio et al.

(1984) observed that temporal patterns of abundance of
first-stage zoea and megalopae at the mouth of Delaware Bay
were displaced by five weeks (similar to larval duration in
the laboratory) and speculated that larvae produced in
Delaware Bay were transported back to the bay after zoeal
development on the shelf.

Further, numerical simulations of

larval transport indicate return of larvae released in
Chesapeake Bay (Johnson & Hess, 1990).

Sulkin and Epifanio

(1986) proposed that year-to-year variation in size of the
pool of recruits will depend largely on the presence,
timing, and extent of the flow reversal on the shelf.

They

suggested that this phenomenon should be a major factor in
regulating recruitment success to Middle Atlantic Bight
estuaries.
Because of the offshore surface distribution of blue
crab megalopae, D. F. Johnson (1985) suggested that, in the
absence of strong onshore winds, reinvasion of Chesapeake
Bay was by juveniles.

Tagatz (1968) and Dudly and Judy

(1971) also believed that juveniles were mostly responsible
for reinvasion.

Numerous studies, however, have documented

the occurrence of blue crab megalopae in inlets during flood
tide (King, 1971; Epifanio et al., 1984; Brookins &
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Epifanio, 1985) and well within estuaries (Cargo, 1960;
Tagatz, 1968; Williams, 1971; Meredith, 1982; Olmi, 1986;
Mense and Wenner, 1989; van Montfrans et al., 1990).
Williams (1971) noted that significant numbers of megalopae
moved toward the upper reaches of North Carolina estuaries,
and others (Meredith, 1982; Olmi, 1986; Orth and van
Montfrans, 1987; Mense and Wenner, 1989; van Montfrans et
al., 1990) asserted that colonization of shallow estuarine
habitats was by megalopae.

Thus, there is a strong case

that the megalopa is the primary reinvasive stage.

This is

consistent with decapod crustaceans in general, where the
postlarva has a morphology intermediate between larva and
juvenile, and serves to link larval (plankton) and
juvenile/adult habitats.

Transport into estuaries
D. F. Johnson (1982, 1985) argued that because
megalopae were predominately in the neuston, onshore winds
would be necessary to transport them into the estuary.
Shanks (1986) presented the same argument for onshore
transport of Cancer spp. megalopae on the California Coast,
but Epifanio (1988) questioned whether surface transport
into the estuary could be successful against the net surface
outflow of most estuaries.
Wind forcing (local and non-local) may result in an
enormous exchange of water between estuaries and the
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continental shelf (Wang & Elliot, 1978? Wang, 1979;
Goodrich, 1988) .

In Chesapeake Bay, local wind forcing

dominates on time scales of <4 days, and longer period
motions (>10 days) are associated with sea level changes at
the coast (baratropic response to non-local forcing) (Wang,
1979) .

In the 3-5 day time scale, baratropic transport at

the mouth of Chesapeake Bay was estimated to be 5,000 10,000 m3s'1 , much greater than that due to river runoff
(Wang, 1979) . Meteorologically driven oscillations on the
order of 5% of Chesapeake Bay volume (3.7 km3) occur
routinely (Goodrich, 1988) and could potentially transport
blue crab megalopae into the bay from the local shelf.

Non-

tidal volume flux has been invoked to explain peaks of
megalopal abundance in Chesapeake Bay and Delaware Bay
subestuaries (Goodrich et al., 1989? Little and Epifanio,
1991).
Shanks (1983, 1986, 1988) has presented evidence that
tidally-forced internal waves over the continental shelf can
transport fish and invertebrate larvae shoreward.

Shanks

(1988) found blue crab megalopae more concentrated ahead of
shoreward propagating internal waves rather than behind them
off the coast of North Carolina and suggested that this
mechanism of transport may be important.
Estuarine gravitational circulation provides a
conservative mechanism for return of blue crab megalopae
into estuaries.

In the MAB, bottom water on the inner shelf
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is drawn into estuaries from 40 km out on the shelf (Bumpus,
1973? Boicourt, 1981; Pape & Garvine, 1982).

Blue crab

megalopae exhibit high barokinesis which allows precise
depth control (Sulkin & van Heukelem, 1982)? descent into
the landward flowing water would transport megalopae into
estuaries.
Sulkin and van Heukelem (1986) discussed three
alternative mechanisms of estuarine invasion by megalopae.
First, megalopae remain predominately in the neuston and are
transported by onshore winds as suggested by D. F. Johnson
(1982).

Second, the vertical distribution (12-25% near

bottom) observed by Johnson represents a steady-state, such
that megalopae near the bottom are transported into the
estuary, but an exchange of megalopae between surface and
bottom maintains a supply of megalopae to bottom waters.
Third, Sulkin and van Heukelem (1986) hypothesized that
megalopae remain at the surface until they approach
metamorphosis, then descend to bottom waters and are
transported into estuaries.

They observed that

metamorphosis to the juvenile instar would be delayed by
descent into cooler, saltier water (Sulkin & van Heukelem,
1986).

Limited support for transport of megalopae into

estuaries via bottom water comes from field observations
(Sandifer, 1973, 1975; Tagatz, 1968).

Boicourt (1982)

commented that megalopae need not be near the bottom because
the depth range of inflowing water spanned a large portion
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of the water column at the mouth of Chesapeake Bay.

Sulkin

and Epifanio (1986) suggested that onshore transport of
megalopae was most likely by conservative mechanisms
(exploitation of residual circulation) and fortuitous wind
events.
Epifanio (1988) also invoked toward-estuary transport
of megalopae in bottom water as the most plausible mechanism
of return, but noted that the current speeds of this flow
into Delaware Bay were extremely slow (Pape & Garvine,
1982), and megalopae may augment their transport by vertical
migration.

In nearshore waters of Mississippi, blue crab

megalopae did not exhibit preference for surface or bottom,
but were more frequently collected during flood than ebb
(Stuck & Perry, 1981).

Maris (1986) collected greater

numbers of megalopae at the mouth of Chesapeake Bay than at
inshore (mouth of York River) or offshore (Chesapeake Bay
Light Tower) locations.

Megalopae were more abundant at the

surface than the bottom, but a higher percentage of
megalopae were collected near bottom than other stages.

He

did not detect a change in vertical distribution of
megalopae associated with tide, and did not report relative
abundance during flood and ebb (Maris, 1986).

Other studies

have reported greater collections of megalopae during flood
than ebb at inlets (Epifanio et al., 1984; Brookins &
Epifanio, 1985) and within estuaries (Meredith, 1982; Olmi,
1986).

Megalopae likely rise into the water column during
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flood and descend to the bottom during ebb.

This pattern

may be modified by diurnal vertical migration (Maris, 1986;
Mense & Wenner, 1989).

Thus, megalopae may be lower in the

water column during daylight flood tides than during
nighttime flood tides.

Approach
Sulkin and Epifanio (1986) stated, "the dominant
mechanism for onshore transport remains to be described."
Although simulations of larval drift (D. R. Johnson, 1985;
Johnson & Hess, 1990) have increased our understanding of
processes affecting larval transport, the importance of
these processes in recruitment has not been quantified.
Epifanio et al. (1984) reported that megalopae entering
Delaware Bay were patchily distributed, both in time and
vertical distribution.

Settlement of megalopae on

artificial settlement substrates in the York River is highly
variable over time, but may reflect settlement behavior as
well as transport processes (van Montfrans et al., 1990).

I

suggest that spatial and temporal variability in abundance
of immigrating megalopae, if sampled at appropriate scales,
should provide insights regarding the mechanisms of
transport into estuaries.

In Chapter Two, I examine the

vertical distribution of megalopae in the York River estuary
to test the hypothesis that megalopae are not randomly
distributed in the vertical plane, but are positioned to
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take advantage of tidal currents or residual inflow for up
river transport.

In Chapter Three, I quantify abundance of

megalopae in the York River plankton nightly over three
recruitment seasons and relate variability in abundance to
physical processes that may affect immigration of megalopae
into the estuary.

If wind-forcing, subtidal volume flux,

internal waves, or tidal currents are important mechanisms
of transport into the estuary, then abundance of immigrating
megalopae should vary in relation to these processes.
As noted earlier, population demographics are affected
by rates of settlement and post-settlement processes.

In

Chesapeake Bay, young juvenile blue crabs are not
distributed evenly over available habitat, but are
concentrated in certain areas, particularly seagrass beds
(Heck & Orth, 1980; Penry, 1982; Heck & Thoman, 1984; Orth &
van Montfrans, 1987).

Such uneven distribution may result

from (1) differential settlement of immigrating megalopae
because of hydrography or habitat selection, (2)
differential mortality of settled megalopae and juveniles,
and (3) migration among habitats by young juveniles.
Chapters Four and Five present studies related to these
processes.

In Chapter Four, I examine spatial variability

in planktonic abundance and settlement of megalopae
on natural and artificial settlement substrates, the
relationship between planktonic abundance and settlement,
and the relationship between abundance of newly settled
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individuals and older juveniles.

In Chapter Five, I examine

predation on blue crab megalopae by two seagrass residents,
sand shrimp and grass shrimp, at two levels of habitat
complexity and two levels of megalopal abundance.
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CHAPTER TWO

VERTICAL MIGRATION OF BLUE CRAB MEGALOPAE:
IMPLICATIONS FOR TRANSPORT IN ESTUARIES

INTRODUCTION
Three general life history strategies are evident among
species that have planktonic larvae and are dependent on
estuarine nursery areas: spawning in coastal waters with
migration of larvae or juveniles to estuaries; spawning and
retention of larvae within the estuary; and spawning within
the estuary with export of larvae to coastal waters and
subsequent return of postlarvae or juveniles.

In all cases,

immigration into or retention within estuaries of early life
history stages is challenged by the net seaward flow.
Whereas the transport of some estuarine and coastal
invertebrate larvae may be modeled as passive particles
(deWolf, 1974; Boicourt, 1982; Stancyk & Feller, 1986),
larvae of fishes and many invertebrates exhibit behaviors •
which enhance transport to suitable nursery habitats
(Boehlert & Mundy, 1988; Epifanio, 1988).

One such

behavior, depth regulation, can substantially alter the path
of transport in an environment of vertical current shear.
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In particular, weakly swimming larvae (or juveniles) may
effect upstream transport in estuaries via tidally-timed
vertical migration - moving into the water column during
flood and descending to weaker currents near the bottom
during ebb (selective tidal stream transport) - or by
remaining in landward flowing bottom water of an estuary
with net two-layered circulation.
Active changes in depth of these meroplankters may vary
from simple ontogenetic changes in depth distribution
(Bousfield, 1955) to complex responses (which may also vary
with ontogenetic development) to a host of environmental
stimuli in the estuary or near-shore region (Fortier &
Leggett, 1983; Sulkin, 1984; Forward, 1985; Laprise &
Dodson, 1989).

For example, larvae of the mud crab

Rithronanopeus harrisii exhibit complex vertical migration
patterns that include temporal components related to current
speed (6.2 h), current direction (12.4 h) and time of day
(24 h), which are mediated by changes in ambient
environmental conditions including temperature, salinity and
light (Cronin & Forward, 1982, 1983, 1986; Forward, 1985).
The result is larval migration about the level of no-netmotion and retention of larvae near parental habitat.
Boehlert and Mundy (1988) recognized two stages in the
migration of shelf-spawned larvae toward estuarine habitats:
first, larvae accumulate in the nearshore or coastal zone;
second, they accumulate near inlets or estuary mouths, then
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pass through them.

Since the physical factors involved in

-these two processes differ, each requires specific and
distinct behaviors by the larvae to reach juvenile nursery
grounds.
Larvae of the blue crab, Callinectes sapidus. are
hatched in the lower estuary, ascend to the surface, and are
flushed out of the estuary into coastal waters (Dittel &
Epifanio, 1982; McConaugha et al., 1983; Provenzano et al..
1983; Epifanio et al., 1984).

During their approximately

30-50 d development, the larvae remain in surface waters and
may be transported considerable distances (30-80 km) from
shore (Nichols & Keney, 1963; Smyth, 1980; McConaugha,
1988).

In the mid-Atlantic Bight, a wind-driven, northward-

flowing surface current that runs counter to the general
southerly flow on the shelf may retain larvae in the
vicinity of their natal estuary (Boicourt, 1982; Johnson et
al., 1984; D. R. Johnson, 1985; Epifanio, 1988; Epifanio et
a l ., 1989).
Metamorphosis to the postlarval stage, the megalopa,
occurs in shelf waters, and blue crab megalopae remain
concentrated in the neuston layer (Smyth, 1980; D. F.
Johnson, 1985; McConaugha, 1988) .

In concordance with these

field observations, laboratory studies revealed negative
geotaxis and high barokinesis in blue crab megalopae—
behaviors that maintain megalopae near the surface (Sulkin &
Van Heukelem, 1986).
28

Noting that peak concentrations of blue crab megalopae
were in surface waters 33 km off the mouth of Chesapeake
Bay, D. F. Johnson (1985) suggested that, in the absence of
strong onshore winds, recruitment to Chesapeake Bay must be
by juvenile stages.

Reinvasion of estuaries by juveniles

also had been suggested for other areas (Tagatz, 1968; Dudly
& Judy, 1971) ; yet considerable evidence indicated that the
megalopal stage was most responsible for estuarine
immigration and colonization of nursery areas (Williams,
1971; Meredith, 1982; Epifanio et al., 1984; Olmi, 1986;
Mense & Wenner, 1989; van Montfrans et al., 1990; Olmi et
al .. 1990; Little & Epifanio, 1991).
Shanks (1988) suggested that megalopae may be
transported toward shore in surface slicks over tidallyforced internal waves.

Sulkin and Van Heukelem (1986) posed

three alternative hypotheses for immigration of blue crab
megalopae:

first, megalopae remain at the surface and are

transported into estuaries by onshore winds, as suggested by
D. F. Johnson (1985);

second, megalopae may remain at the

surface until they approach metamorphosis, then descend to
landward-flowing bottom waters; and third, the 12-25% of
megalopae observed near the bottom by D. F. Johnson may
represent a steady state such that a constant portion of the
population is subject to onshore transport in bottom waters.
Recent evidence indicates that wind-forcing and
associated non-tidal inflow into estuaries is associated
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with increased settlement of blue crab megalopae (Goodrich
et al., 1989; Little & Epifanio, 1991; Blue Crab Recruitment
Group, unpubl.).

Although wind-forcing may be an important

mechanism that aggregates megalopae near inlets and possibly
transports them through inlets, it is probably less
important in the upstream migration of megalopae within
tidally-dominated estuaries.

Clearly, blue crab megalopae

must alter their surface-oriented behavior exhibited in
coastal waters to allow migration up estuaries.
Limited support for transport of megalopae in bottom
drift comes from field observations (Tagatz, 1968; Sandifer,
1973, 1975).

Epifanio (1988) invoked landward transport of

megalopae in bottom water as the most plausible mechanism of
return, but noted that the speed of the net flow was
extremely slow and that megalopae may augment their
transport by vertical migration.

Observations of greater

abundance of megalopae during flood than ebb suggest that
megalopae may employ selective tidal stream transport
(Meredith, 1982; Epifanio et al., 1984; Brookins & Epifanio,
1985; Olmi, 1986; Mense & Wenner, 1989).
In this three-year study, I examine the selective tidal
transport hypothesis by investigating temporal variation in
the abundance and vertical distribution of blue crab
megalopae and relate these patterns to environmental factors
and transport processes in the York River, Virginia, USA.
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METHODS
The study sites were located 11 km upriver from the
mouth of the York River, a primary tributary on the western
shore of lower Chesapeake Bay (Fig. 2.1).

Tides in the York

River are semi-diurnal, with a mean tidal range of 0.7 m at
the mouth (Haas 1977).

The lower portion of the river

oscillates between conditions of vertical homogeneity
(following spring tides) and stratification (Haas, 1977).
The Chesapeake Bay is classified as a moderatelystratified estuary; at its mouth there is a net inflow of
shelf water near the bottom and a net outflow of low density
water near the surface (Pritchard, 1967).

The effect of

this gravitational circulation extends well onto the
continental shelf (Bumpus, 1973).

Long-term net flow varies

spatially across the Bay mouth, largely due to Coriolis
effects (Boicourt, 1981; Goodrich, 1988); meteorological
events can greatly alter exchange, producing inflow or
outflow surges (Wang & Elliot, 1978; Wang, 1979; Goodrich,
1988).

1988 study
In 1988, I quantified the fine-scale vertical
distribution of blue crab megalopae at a shallow (3-4 m)
site on the north shore of the York River (Fig. 2.1, Site
A); this site concurrently serves for long-term studies of
megalopal planktonic abundance and settlement (van Montfrans
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FIGURE 2.1

JT

Figure 2.1. Map of the lower York River in the vicinity of
Gloucester Point, Virginia. Sites indicated are: A, 1988
study; B, 1989 study; C, 1990 study. Isobaths are in feet.

et al.t 1990 and unpubl.? Chapt. 3 of this study).

Samples

were collected during flood tide at the end of a pier
extending approximately 100 m into the York River.

Ebb

tides were not sampled because currents were weak and
variable during much of the ebb due to the constriction in
the river at Gloucester Point (Fig. 2.1).
Megalopae were sampled with a vertical array of five
plankton nets each measuring 50 cm high x 100 cm wide x 300
cm long, with mesh of 0.75 mm.

The nets were attached to

two frames, each suspended from its own boom.

One frame

held three nets (nets 1, 2 and 3) at surface to 30 cm, 30 to
80 cm, and 130 to 180 cm depths.

The second frame, with

nets 4 and 5, was lowered to the substratum, and sampled
depth strata of 150 to 100 cm above the bottom and 50 to 0
cm above the bottom.
during sampling.

Water depth varied from 3.0 - 4.0 m

When water depth was less than 3.3m, nets

3 and 4 overlapped, with net 3 approximately 1 - 1.5 m up
current of net 4.

At the maximum depth of 4.0 m, there was

a vertical distance of 0.7 m between nets 3 and 4.
Flowmeters (General Oceanics Model 2030 with low speed
rotor) suspended in the mouth of each net and between nets 2
and 3 (105 cm below surface) provided information for
calculation of water volumes sampled and current speeds.
Each deployment (set) of the net array lasted 30 min.
The net array was deployed four times during a given flood
tide, beginning one hour after slack-before-flood with
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approximately one hour between sets.

Water temperature and

conductivity (for salinity) were measured every 6 min at a
depth of 2 m above the bottom with a CTD meter.

Solar

irradiance, wind direction and wind speed were also measured
at the Virginia Institute of Marine Science meteorological
station (approximately 300 m away and 30 m above sea level).
I used the first measurement of physical data recorded after
net deployment.
Plankton samples were rinsed onto a 0.5 mm sieve and
preserved in 5% formalin.

Callinectes megalopae were sorted

in the laboratory with the aid of a lighted magnification
glass.

One other species of Callinectes (C. similis) occurs

infrequently in Chesapeake Bay (Wass et al., 1972).
Megalopae of C. similis are generally restricted to higher
salinities than occur at the sampling site (Stuck and Perry,
1981; Mense and Wenner, 1989) and have not been collected in
samples from the York River (Johnson, 1982; Maris, 1986).
We therefore assumed that all Callinectes megalopae were
those of C. sapidus.
Five separate flood tide periods were sampled.

On 14

and 21 October, all sets of the net array were conducted
during darkness.

Three consecutive flood tides were sampled

24-25 October; these flood periods encompassed dusk on 24
October and dawn and dusk on 25 October.
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1989 study
In 1989 I examined the vertical distribution of blue
crab megalopae during nighttime flood and ebb tides at a
shallow water location.

Sampling was conducted on 16-17

October from a pier on the south side of the York River,
across from the pier used in 1988 (Fig. 2.1, Site B).

Water

depth during sampling varied from 2.9 to 3.7 m.
Sampling gear was identical to that used in 1988,
except that four rather than five nets were deployed.

Depth

strata sampled were: net 1, water surface to 30 cm; net 2,
30 - 80 cm depth; net 3, 150 - 100 cm above the bottom; and
net 4, 50 - 0 cm above bottom.

At the minimum water depth

of 2.9 m, nets 2 and 3 were 60 cm apart, and at the maximum
depth of 3.7 m, nets 2 and 3 were separated by 140 cm. The
net array was deployed for 30 min during each set.

A

flowmeter was suspended in the mouth of each net, and one
was suspended in the water column, 1 m below the surface, to
measure current speed.

Surface water temperature and

salinity were measured using a stem thermometer (to 0.1° C)
and refractometer (to 0.5 psu), respectively.

Solar

irradiance, wind speed and wind direction were measured
every 6 minutes at the Virginia Institute of Marine Science
(Site A).

Samples were processed like those in 1988.

Sampling commenced during early flood at dusk (1857 hrs
EST) on 16 November, and the net array was deployed five
times during flood (1 hr between sets).
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The tide began to

ebb at 2345 hrs and the nets were deployed at 0030, 0130 and
0230 hrs on 17 November.

The net array was deployed at 0330

hrs, but the ebb current was too weak for quantitative
sampling, and remained weak through the remainder of the
ebb.

Thus, the 1989 collections consist of five sets of the

four-net array during flood (one at dusk and four during
darkness) and three sets during ebb (all during darkness).

1990 study
In 1990 the abundance and vertical distribution of blue
crab megalopae in deeper water (10 - 13 m) of the York River
were examined to: (1) determine if distribution patterns
were similar in deep water to those observed in shallow
sites, and (2) relate patterns of megalopal abundance and
vertical distribution to light, tidal stage and water-column
characteristics.
The site was north of the ship channel in the York
River, between the two previous sites (Fig. 2.1, Site C).
Sampling was conducted during four tidal cycles; beginning
with slack-before-flood the morning of 8 October and
continuing through the morning of 10 October, samples were
collected during slack tide (at the surface) and at 2 and 4
hrs after slack tide.
Megalopae were collected in four plankton nets (0.75 mm
mesh and equipped with flowmeters) deployed from an 8.2-m
vessel.

A 0.5 m high x 1.0 m wide net and bow-mounted frame
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sampled the upper 37 cm of the water column.

The other

three nets, attached to 1.0 m diameter rings, were towed
behind the vessel at depths of 2, 5 and 10 m.

Net depth was

calculated as the product of the wire scope and the cosine
of the wire angle from vertical.
a flowmeter.

Each net was equipped with

Engine RPM was held constant for all tows, and

speed through the water was approximately 2 knots.

Nets

were towed for 10 min during each set, and vessel speed was
reduced to less than 1 knot during deployment and retrieval
of nets.

Samples were handled as previously described.

Prior to net deployment and while moored to a fixed
station, current speed and direction were measured at depths
of 0.3 (near surface), 2, 4, 6, 8, and 10 m with an
Interocean S-4 current meter.

Ten current velocity

measurements per second were averaged over 15 s intervals;
the meter was held for 2 min at each depth, and reported
velocities represent the vector average of 15 s interval
readings over the middle 1 min at each depth.
Water-column profiles of temperature and salinity were
also measured (Applied Microsystems CTD probe). The density
structure of the water column was characterized by
calculating sigma-t from the temperature and salinity
profiles.

The degree of stratification (S) was calculated

as:
S = A sigma-t / Z
where A sigma-t is the change in density from surface to
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bottom, and z is the depth of the water column (Tremblay &
Sinclair, 1990).

Measures of wind speed and direction,

solar irradiance and tidal height were collected at site A.

Data analysis
The volume of water sampled by each net was calculated
using the rotor constant supplied by the manufacturer and
the area of the net opening.

Density of blue crab megalopae

in a given sample is expressed as the number of individuals
per 10 m3 of water filtered.
The degree of aggregation of blue crab megalopae in the
water column was examined in two ways.
I calculated Lloyd's index:

First, for each set

L = 1 + (s2 / x-1) / x , where

x is the mean density of megalopae per 10 m3 among the depth
strata and s2 is the sample variance (Lloyd, 1967).

Lloyd's

index of patchiness measures the degree of crowding of an
average individual relative to an individual in a randomly
distributed population with the same mean density (McGurk,
1987).

In a randomly distributed population, the mean and

variance are equal and L approximates one.

Lloyd's index is

theoretically independent of density and the scale of
sampling (Pielou, 1977; McGurk, 1987).
Second, I quantified the dispersion of megalopae in
each set by comparing the observed vertical distribution of
megalopal densities from each set to expected distributions
assuming even or random dispersion of megalopae.
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For

comparison with a distribution of evenly dispersed
megalopae, the expected number of megalopae in a particular
net was calculated as follows (McCleave et al., 1987):
Ek =

--S W,

N

where, Ek = the expected number of megalopae in net k
Wk = the water volume filtered by net k
2 W. = the sum of water volume filtered in all nets
N = the total number of megalopae collected in all
nets.
Observed and expected distributions were compared by Chisquare goodness of fit tests (Zar, 1984; McCleave et al..
1987).

The observed distribution of densities in each set

were then compared to a distribution with the same mean and
randomly distributed individuals (Ryan et al., 1985).
An estimate of the mean depth of megalopae in the water
column was calculated as the weighted mean depth (Pearre,
1973):
D =

2n,

where n, is the density of megalopae in the ith depth
interval, and d, is the mid-depth of the ith interval.
Weighted mean depth is similar to "larval center of mass"
(Fortier & Leggett, 1983; Tremblay & Sinclair, 1990).
depth was measured as depth from the surface.
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Mid

For 1988 and

1989 collections, di of the lower nets (resting on the
substratum) was measured at mean water height above the
bottom (i.e., 3.5 m at Site A and 3.3 m at Site B).
Each of the dependent variables, mean density, mean
depth, and Lloyd's index, was analyzed by analysis of
covariance for each year of the study (SPSS MANOVA
Procedure, SPSS, 1986).

Variables were log-transformed when

necessary to reduce non-normality of the data and eliminate
heterogeneity of variances.

Transformations equalized

variances in all but three analyses.

In these instances I

proceeded with the analysis of covariance, but indicated
statistical significance only if P-values were less than
significance levels of Cochran's test for homogeneity of
variance (Underwood, 1981).
Independent variables in the analyses differed among
years, reflecting differences in sampling designs.

In 1988,

the factor was Date of Collection with the covariates being
Current Speed, Wind Speed, Light, Water Temperature, and
Salinity.

In 1989, Current Direction (flood or ebb) was a

factor, and the covariates were Current speed and Wind
Speed.

Light, Water Temperature and Salinity were omitted

as covariates because all but one sample were collected
during darkness, and water temperature and salinity varied
less than 1° C and 1 psu.

In 1990, Current Direction and

Light were two-level factors, with Current Speed, Wind Speed
and Stratification Index as covariates.
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Light was treated

as a two-level factor instead of a covariate in 1990 because
measures of light level and the response of megalopae to
light fell into two groups, each occurring within both
levels of Current Direction.
In 1990, data were collected approximately every 2-h
over a 50-h period, resulting in a time series of 25 sets of
observations of dependent and independent variables.
Therefore, in addition to ANCOVA, these data were examined
using auto- and cross-correlation analyses (Ryan et al.,
1985) to characterize temporal patterns within and among
variables that might not be evident from the ANCOVA (e.g.,
periodicity, response lags).

RESULTS
1988 Study
Water temperature ranged from 14.5 to 16.8° C over the
five sampling periods, but varied no more than 0.4° C during
the four sets on any date.

Salinity remained nearly

constant at 23.9 - 24.1 psu during sampling.

Winds blew

from the southeast on 21 Oct and southwest during the other
four periods with maximum speeds of 4.1 - 6.1 m/sec.
Flood current speeds during sampling (at a depth of 105
cm below surface) ranged from 14.8 to 29.4 cm/sec, with a
mean of 21.8 cm/sec (Fig. 2.2).

Because current speed was

not measured for the first two collections on 14 October,
these were omitted from the analyses which included Current
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Figure 2.2. Abundance of blue crab megalopae relative to
depth strata, light and current speed at Site A in 1988.
Depth strata sampled were: 0-30 cm, 30-80 cm, 130-180 cm,
200-250 cm, and 300-350 cm below surface (at a mean depth of
3.5 m). D = mean density (ind/10m3) over the five depth
strata sampled. NS = no sample. Abundances are scaled to
the maximum density in each series of four sets:
A.
14Oct, max. density = 82.3 ind/10m3, Set 4, surface;
B.
21Oct, max. density = 13.0 ind/10m3, Set 4, surface;
C.
24Oct, max. density = 61.9 ind/10m3, Set 4, surface;
D.
25
Oct AM, max. density =
6.5 ind/10m3, Set
1, 30-80cm;
E.
25Oct PM, max. density = 20.1 ind/10m3, Set 4, 30-80 cm.
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Speed as a covariate.

Water volumes sampled were 38.4 -

126.8 m3 in the surface net and 78.6 - 278.0 m3 in the other
nets.
Blue crab megalopae were concentrated near the surface
during nocturnal flood tides.

On 14 and 21 October, when

all samples were collected during darkness, megalopae were
aggregated with maximum densities in the upper 30 cm of the
water column and a weighted mean depth in the upper 41 cm
(Fig. 2.2A,B).

On each night, the degree of aggregation

increased and the mean depth decreased from early to late
flood (Table 2.1).

With the exception of the first set on

21 October, megalopae were highly aggregated (Lloyd's index
> 2.5; distribution significantly different from uniform or
random) and the mean depth of megalopae was in the upper 35
cm of the water column (Table 2.1).
The other three flood-tide sampling periods encompassed
crepuscular periods - dusk on 24 October and dawn and dusk
on 25 October.

Blue crab megalopae were concentrated near

the surface during darkness, but during daylight and
twilight, megalopae were generally less abundant, deeper,
and more evenly distributed in the water column (Table 2.1,
Fig. 2.2C-E).

Whereas megalopae were significantly

aggregated during darkness, their distributions did not
differ significantly from random for most daylight or
twilight collections, and were often indistinguishable from
a uniform distribution (Table 2.1).
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TABLE 2.1

DATE

14 OCT

21 OCT

24 OCT

25 OCT AM

25 OCT PM

SET

MEAN
DENSITY

MEAN
DEPTH

LLOYD'S
INDEX

UNIFORM

**
**
**
**

RANDOM

1

6.89

0.35

2.79

2

17.22

0.32

3.31

3

7.84

0.25

4.24

4

17.75

0.23

4.91

1

1.49

0.41

1.63

2

1.15

0.29

2.53

**
**

3

0.96

0.19

2.87

**

**
**
**

4

2.83

0.21

4.01

**

**

1

0.05

0.82

1.12

ns

ns

2

1.32

0.86

1.60

**

*

3

5.47

0.34

2.60

+*

**

4

14.11

0.22

4.39

**

**

1

2.92

0.68

1.65

**

**

2

1.95

1.07

1.18

**

ns

3

0.21

0.98

1.07

ns

ns

4

0.06

2.06

1.08

ns

ns

1

0.00

2

1.67

0.43

1.64

3

0.83

0.91

1.97

4

7.44

0.47

2.39

**
**
**

ns
**
**

**
**

**

Table 2.1. Mean density (ind/10m3) and weighted mean depth
(m) of megalopae by date and set for 1988 collections. The
degree of aggregation of megalopae is represented by Lloyd's
index (see text for description) and by comparison of the
actual distribution with theoretical uniform and random
distributions (ns £ > 0 . 0 5 , * P < 0.05, * * p < 0.01).

Mean density and mean depth of megalopae varied
significantly with Light, but not by Date or with the other
covariates - Temperature, Salinity, Wind Speed and Current
Speed (Table 2.2A,B).

Light was negatively correlated with

abundance of megalopae and positively correlated with their
depth in the water column.

The aggregation of megalopae

(Lloyd's Index) differed significantly by date (14 Oct > 25
Oct A.M.; Tukey's Test) and varied significantly with the
covariates Light and Wind Speed.

Lloyd's index was

negatively correlated with Light and positively correlated
with Wind Speed; megalopae were aggregated in darkness and
at high wind speeds (Table 2.2C; Fig. 2.2).
The dependent variables (Lloyd's Index and logtransformed mean density and mean depth) were also
correlated with each other.

At night megalopae increased in

abundance and aggregated near the surface.

Thus, mean depth

was negatively correlated with mean density (r = -0.692) and
Lloyd's index (r = -0.832); while Lloyd's index and mean
density were positively correlated with each other (r =
0.839).

1989 study
Water temperature and salinity varied by less than 1° C
(19.9-20.8° C) and 1 psu (18.9-19.2 psu), respectively,
during sampling.

Thus, water temperature and salinity were

omitted from the ANCOVA to increase the error degrees of
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TABLE 2.2

A. Analysis of covariance table for mean density of megalopae.
SOURCE

DF

SS

F

P

Covariates

5

1.137

4.227

0.035

Date

4

0.582

2.706

0.108

Error

8

0.430

Total

17

2.189

COVARIATES

COEFF.

ST. ERR.

T-VALUE

P

Temperature

-0.728

0.435

-1.676

0.132

Salinity

1.668

1.399

1.192

0.267

Wind Speed

0.052

0.057

0.904

0.392

Light

-4.557

1.123

-4.056

0. 004

Current Speed

-0.029

0.020

-1.480

0.177

B. Analysis of Covariance table for mean depth of megalopae.
DF

SS

F

P

Covariates

5

0.048

2.411

0.141

Date

4

0.006

0.353

0.834

Error

7

0.028

Total

16

0.082

SOURCE

COVARIATES

COEFF.

ST. ERR.

T-VALUE

P

Temperature

-0.338

0.118

-0.285

0.784

Salinity

0.179

0.380

0.047

0.964

-0.0145

0.016

-0.893

0.401

Light

1.115

0.333

3.353

0.012

Current Speed

0.006

0.005

1.182

0.276

Wind Speed

TABLE 2.2 (continued)

C. Analysis of Covariance table for Lloyd' s index.
SOURCE

DF

SS

F

P

Covariates

5

8.075

7.249

0.011

Date

4

5.407

6.068

0.020

Error

7

1.559

Total

16

15.310

COVARIATES

COEFF.

ST. ERR.

T-VALUE

P

Temperature

-1.892

0.889

-2.127

0.071

Salinity

4.325

2.848

1.518

0.173

Wind Speed

0.387

0.122

3.176

0.016

-11.341

0.041

-2.172

0.003

-0.089

0.041

-2.172

0.066

Light
Current Speed

Table 2.2. Analyses of the dependent variables for 1988: A)
Analysis of Covariance table for log-transformed mean density
of megalopae; B) Analysis of Covariance Table for logtransformed mean depth of megalopae; and C) Analysis of
Covariance Table for log-transformed Lloyd's index of
patchiness.

freedom.

Current speeds varied from 6.4 to 26.2 cm/s, and

volumes filtered were 11.5 - 96.1 m3 in the surface net and
28.2 - 257.2 m3 in the lower nets.

Winds were generally

from the southeast at speeds of 3.2 to 7.1 m/sec.
Blue crab megalopae exhibited a pattern during the
dusk/night flood tide in the 1989 study similar to that
observed in 1988.

During early flood at dusk (set 1),

mega1opal density was low and megalopae were distributed
throughout the water column (Fig. 2.3, Table 2.3).

The

density of megalopae and their aggregation near the surface
increased throughout the nocturnal flood tide (sets 2-5), so
that by late flood (sets 4 and 5) megalopae were highly
aggregated (Lloyd's Index > 2.9) with a weighted mean depth
within 31 cm of the surface (Fig. 2.3; Table 2.3).

In the

last collection during flood (set 5), the density of
megalopae in the upper 30 cm was 27.9 ind/10 m3, with a mean
density for the set of 8.8 ind/10 m3.
During the first sample of ebb tide (set 6),
approximately 30 min after the current began to ebb, the
mean density of megalopae dropped to 0.3 ind/10 m3 with no
megalopae in the surface net (Fig. 2.3, Table 2.3).

Mean

densities remained low (<0.9) for the remainder of the ebb,
even though these were nighttime samples.

The distribution

of megalopae did not differ from random during the first two
ebb samples, but megalopae were slightly aggregated (Lloyd's
index = 1.58) near the surface (weighted mean depth = 41 cm)
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Figure 2.3. Abundance of blue crab megalopae ralative to
depth strata, light and current speed at Site B during 16-17
October 1989. Depth strata sampled were 0-30 cm, 30-80 cm,
180-230 cm, and 280-330 cm below surface (at a mean water
depth of 3.3 m). Abundances are scaled to the maximimum
density of 27.9 ind/10m3. Set 5, surface.

TABLE 2.3

SET

MEAN
DENSITY

MEAN
DEPTH

LLOYD'S
INDEX

UNIFORM

RANDOM

1

0.47

0.70

1.21

**

ns

2

1.23

0.58

1.41

**

ns
ns

3

1.99

0.73

1.34

**

4

6.51

0.26

3.42

**

**

5

8.78

0.31

2.96

**

**

6

0.32

0.97

1.45

*

ns

7

0.54

0.51

1.34

**

ns

8

0.81

0.41

1.58

**

*

Table 2.3. Mean density (ind/10m3) and weighted mean depth
(m) of megalopae by set for samples collected 16—17 October
1989. The degree of aggregation of megalopae is represented
by Lloyd's index (see text for description) and by comparison
of the actual distribution with theoretical uniform and random
distributions (ns, not significant; *, p < .05; **, p < .01).

during the last set (Fig. 2.3; Table 2.3).
Megalopae were >8x more abundant during flood than
during ebb (Table 2.3, 2.4A).

The mean depth of megalopae,

however, did not differ significantly between flood (0.47 m)
and ebb (0.63 m) sets (Table 2.4B).

Aggregation of

megalopae also did not differ significantly between flood
and ebb collections, probably because the degree of
aggregation varied during flood (Table 2.4C).

The

covariates Wind Speed and Current Speed did not
significantly affect mean density, mean depth or the
aggregation of megalopae.
As in 1988, when megalopae were abundant, they were
aggregated near the surface; their mean depth was inversely
correlated with mean density (r = -0.786) and Lloyd's index
(r = -0.764), while Lloyd's index was positively correlated
with mean density (r = 0.912).

1990 study
Current speeds ranged from 2.2 to 56.3 cm/sec with
means (depth averaged) of 42.5 - 53.5 cm/sec (Figs. 2.4 &
2.5).

Water volumes filtered were 121.4 - 186.6 m3 in the

surface net and 203.5 - 435.6 m3 in the lower nets.

Water

temperature varied between 21.9 and 23.3° C and salinity
varied between 19.5 and 20.7 psu (Fig. 2.4).

The water

column was generally well mixed, with the stratification
index (Asigma-t/Z) varying between .0026 and .0764
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TABLE 2.4

A. Analysis of covariance table for mean density of megalopae.
DF

SS

F

P

Covariates

2

0.314

3.371

0.139

Current Dir.

1

0.587

12.624

0.024

Error

4

0.186

Total

7

1.211

SOURCE

COVARIATES

COEFF.

ST. ERR.

T-VALUE

P

Wind Speed

0.213

0.082

2.583

0.061

Current Speed

0.001

0.012

0.007

0.995

B. Analysis of Covariance table for mean depth of megalopae.
SOURCE

DF

SS

F

P

Covariates

2

0.082

0.566

0.607

Current Dir.

1

0.056

0.778

0.428

Error

4

0.288

Total

7

0.679

COVARIATES

COEFF.

ST. DEV.

T-VALUE

P

Wind Speed

-0.0642

0.103

-0.626

0.565

Current Speed

-0.0121

0.015

-0.795

0.471

TABLE 2.4 (CONT)

C.

Analysis of Covariance for Lloyd's Index.

DF

SS

F

P

Covariates

2

0.101

2.443

0.203

Current Dir.

1

0.113

5.481

0.079

Error

4

0.082

Total

7

0.328

SOURCE

ST. ERR.

T-VALUE

P

0.121

0.055

2.207

0.092

-0.003

0.008

-0.338

0.752

COVARIATES

COEFF.

Wind Speed
Current Speed

Table 2.4.
Analyses of the dependent variables for 1989
collections: A) Analysis of Covariance table for logtransformed mean density of megalopae; B) Analysis of
Covariance Table for mean depth of megalopae; and C) Analysis
of Covariance Table for
log-transformed Lloyd's Index of
patchiness.

Figure 2.4. Data from Site C during 8-10 October 1990. Left
panel: abundance of blue crab megalopae by set and depth
strata; depths sampled were surface (0-37 cm), 1.5-2.5 m,
4.5-5.5 m, and 9.5-10.5 m; abundances of megalopae are
scaled to the maximum density of 25.2 ind/10m3 (Set 7,
surface); Circles indicate ambient light at surface. Center
panel: depth profile of current direction (flood or ebb) and
speed for each set; current was measured at surface, 2, 4,
6, 8, and 10 m. Right panel: depth profile of temperature,
salinity, and density (sigma-t) for each set.
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F i g u r e 2.5.
M e a n d e n s i t y and m e a n depth o f m e g a l o p a e wit h
light, d e p t h - a v e r a g e d c u r r e n t speed, s t r a t i f i c a t i o n index,
an d t i d a l h e i g h t d u r i n g 8-10 O c t o b e r 1990.
Dark p a n e l s
r e p r e s e n t n i g h t and c r o s s - h a t c h e d p a n e l s i n d i c a t e t i m e s of
f l o o d current.

(Fig. 2.5).

Maximum variation in sigma-t with depth

occurred in the upper 2 m ? usually during afternoon ebb
tides (e.g., sets 6 and 18).

Winds were generally from the

south at 2.2 - 6.4 m/sec.
During the 50-h sampling period, densities of blue crab
megalopae varied from 0.06 to 8.02 ind/10m3, their mean
depth ranged from 0.18 to 10.0 m, and their degree of
aggregation varied from random to highly aggregated (Table
2.5, Fig. 2.4).
As in 1988 and 1989, blue crab megalopae were most
abundant during nocturnal flood tides in 1990.

Megalopae

were significantly more abundant during flood than ebb, with
peak densities during early and mid-flood current stages
(Table 2.6A, Figures 2.4 & 2.5).

Although densities

generally were higher at night, megalopae were sometimes
abundant during daylight flood tides, but only near the
bottom, causing Light and the Light x Current Direction
interaction to be non-significant factors (Table 2.6A, Fig.
2.4).

The covariates - Current Speed, Stratification and

Wind Speed - were not significantly correlated with
megalopal densities (Table 2.6A).
The depth distribution of megalopae was directly and
significantly correlated with light (Table 2.6B, Figs. 2.4 &
2.5).

During daylight, megalopae remained near the bottom

with mean depth between 8.8 and 10.0 m (10 m was the maximum
depth sampled).

In contrast, at night their mean depth was
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TABLE 2.5

SET

MEAN
DENSITY

MEAN
DEPTH

LLOYD'S
INDEX
3.56

UNIFORM

RANDOM

kk

A*

1

4.70

9.24

2

1.49

9.81

3.16

**

kk

3

0.62

9.77

2.36

**

k

4

0.28

9.83

1.79

**

k

5

0.20

9.56

1.52

kk

ns

6

0.08

10.00

1.30

**

ns

7

8.02

1.03

2.82

**

kk

8

1.80

0.65

2.53

**

k

9

0.68

1.68

1.91

kk

k

10

1.06

0.93

2.34

**

k

11

0.08

0.18

1.29

**

ns

12

0.15

9.28

1.02

kk

ns

13

0.49

9.86

2.25

**

k

14

0.17

10.00

1.59

kk

ns

15

0.08

10.00

1.29

kk

ns

16

0.07

10.00

1.26

kk

k

17

0.23

8.79

1.53

kk

ns

18

0.61

0.80

2.04

kk

*

19

3.62

1.91

2.39

kk

kk

20

3.41

0.88

3 .24

kk

kk

21

0.79

0.55

2.50

kk

kk

22

1.61

0.57

2.84

**

kk

23

0.29

0.59

1.63

**

k

24

0. 06

10.00

1.22

**

ns

25

0.26

10.00

1.83

**

k

Table 2.5. Mean density (ind/10m3) and weighted mean depth
(m) of megalopae by set for samples collected 8-10 October
1990. The degree of aggregation of megalopae is represented
by Lloyd/s index (see text for description) and by comparison
of the actual distribution with theoretical uniform and random
distributions (ns, not significant; *, p < .05; **, p < .01).

TABLE 2.6

A. Analysis of covariance table for mean density of megalopae.
DF

SS

F

P

Covariates

3

0.320

3.482

0.038

Light

1

0.127

4.029

0.057

Current Dir.

1

0.174

5.689

0.028

Light x Curr.

1

0.001

0.038

0.848

Error

18

0.031

Total

24

1.244

SOURCE

COVARIATES

COEFF.

ST. ERR.

T-VALUE

P

Wind Speed

0.054

0.044

1.237

0.232

Stratification

-2.481

2.474

-1.003

0.329

Current Speed

-0.006

0.003

-2.024

0.058

B. Analysis of covariance table for mean depth of megalopae.
SOURCE

DF

SS

F

P

Covariates

3

0.001

0.013

0.998

Light

1

2.871

81.184

0.000

Current Dir.

1

0.000

0.012

0.915

Light x Curr.

1

0.001

0.021

0.887

Error

18

0.637

Total

24

3.905

COVARIATES

COEFF.

ST. DEV.

T-VALUE

P

Wind Speed

-0.001

0.047

-0.026

0.980

Stratification

0.318

2.657

0.120

0.906

Current Speed

0.000

0.003

0.095

0.925

TABLE 2.6 (CONT)

C. Analysis of covariance table for Lloyd's Index.

SOURCE

DF

SS

F

P

Covariates

3

0.099

2.468

0.095

Light

1

0.011

0.783

0.388

Current Dir.

1

0.066

4.929

0.039

Light x Curr.

1

0.009

0.638

0.435

Error

18

0.242

Total

24

0.501

COVARIATES

COEFF.

ST. ERR.

T-VALUE

P

Wind Speed

0.033

0.029

1.149

0.265

Stratification

-1.625

1.637

-0.993

0.334

Current Speed

-0.003

0.002

-1.576

0.132

Table 2.6.
Analyses of the dependent variables for 1990
collections: A) Analysis of Covariance table for logtransformed mean density of megalopae; B) Analysis of
Covariance Table for log-transformed mean depth of megalopae;
and C) Analysis of Covariance Table for log-transformed
Lloyd's Index of patchiness.

within 2 m of the surface.

Mean depth of megalopae was not

affected by Current Direction, the Light x Current Direction
interaction, or the covariates - Current Speed,
Stratification or Wind Speed (Table 2.6B).
Blue crab megalopae were significantly more aggregated
during flood than ebb, but Lloyd's Index was not
significantly affected by Light, the Light x Current
Direction interaction, or the covariates (Table 2.6C).

When

megalopae were abundant, they were aggregated, either near
the bottom during daylight or near the surface at night
(Fig. 2.4).

Thus, Lloyd's Index was positively correlated

with mean density (r = 0.911), but not with mean depth (r =
-0.286).

Mean depth and mean density were also not

correlated (r = -0.392).
Autocorrelation of mean density exhibited positive, but
weak correlation every six sets («12 h), reflecting the peak
densities measured during early flood.

Mean depth of

megalopae was strongly in phase every 12 sets («24 h) and
out of phase every 6 sets (~12 h); the cross-correlation
function for mean depth and light (Fig. 2.6) reflects the
strong positive relationship between light and depth of
megalopae in the water column.

There did not appear to be a

lag in response between dependent and independent variables,
since varying time steps in the cross-correlation analyses
did not yield different results from those obtained by
ANCOVA.
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FIGURE 2.6

CCF

0.5 -

0-

0.5

-

-20

-10

20

Figure 2.6. Plot of the cross-correlation function of the
mean depth of megalopae with light intensity. Time steps
are each set or approximately 2 h.

DISCUSSION
The b l u e crab m e g a l o p a is a t r a n sitional s t a g e in a
c omp l e x l i f e cycle

(sensu R o u g h g a r d e n et a l ., 1988)

-

t r a n s i t i o n a l in b o t h m o r p h o l o g y a n d b e h a v i o r b e t w e e n the
p l a n k t o n i c larval stages in c o a s t a l w a t e r s and t h e b e n t h i c
juvenile stages in estuaries.

A critical

facet of t h i s

t r a n s i t i o n is the a b i l i t y to i m m igrate e s t u a r i e s a g a i n s t the
n e t s e a w a r d flow of estuarine waters.

Reporting laboratory

studies o f blu e c r a b zoeae and megalopae,
Heukelem

(1986)

stated:

Sulkin a n d V a n

"There are p r o f o u n d changes in

b e h a v i o r a t the m e g a l o p a stage w h i c h r e s u l t in a d e p t h
re g u l a t o r y m e c h a n i s m of high precision.

T h i s phenomenon,

c o m b i n a t i o n with appropriate loc o m o t o r rhythms,

in

could

prov i d e f o r t r a n s p o r t into t h e estu a r y b a s e d both o n net
n o n-tidal

flow and o n tidal flow."

In t h e Y ork River,

blue

crab m e g a l o p a e d i s p l a y e d a b u n d a n c e v a r i a t i o n and d e p t h
re g u l a t i o n in r e l ation to l ight and c u r r e n t d i r e c t i o n w hich
should e n a b l e the m t o reach e s t u a r i n e j u v e n i l e n u r s e r i e s
rapidly w h i l e concurrently r e d u c i n g t h e i r s u s c e p t i b i l i t y to
visual p r e d a t o r s in t h e plankton.
For t w o reasons it is im p o r t a n t to n o t e that t h i s study
w a s an e u l a r i a n approach.

First,

c o n c l usions d r a w n a bout

t h e v e r t i c a l distribution, a n d implied behavior,

of

m e g a l o p a e are a composite of o b s e r v a t i o n s of m e g a l o p a e
present at th e s a m p l i n g site a t dif f e r e n t times,

a n d are not

b a s e d on o b s e r v a t i o n s of s e l e c t e d m e g a l o p a e over time.
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Second,

b e c a u s e m e g a l o p a e are l i k e l y n o t d i s t r i b u t e d evenly

in t h e h o r i z o n t a l plane,

an e u l a r i a n a p p r o a c h i n troduces a

d e g r e e of v a r i a b i l i t y in their ab u n d a n c e u n r e l a t e d t o their
ve r t i c a l d i s t r i b u t i o n in the w a t e r column.
variability,

Desp i t e this

c l e a r patterns w e r e evident.

F i e l d distributions:

response t o light

D u r i n g b o t h y ears

(1988 a n d 1990) t h a t the e f f e c t of

l ight on t h e a b u n d a n c e and d e p t h d i s t r i b u t i o n of m e g a l o p a e
wa s examined,
water column
at night,

t h e m e g a l o p a e w e r e s i g n i f i c a n t l y l o w e r in t h e
(usually n e a r the bottom)

d u r i n g d a y l i g h t t han

a p p a r e n t l y avoiding w e l l - l i t s u r f a c e wate r s .

The

e f f e c t of light o n t h e i r a b u n d a n c e and a g g r e g a t i o n w a s
mixed,

however,

occupied.

b e c a u s e of the di f f e r e n t depths o f sites

A t t h e s h a l l o w site

(1988), m o s t m e g a l o p a e

a p p a r e n t l y left t h e w a t e r col u m n during d a y l i g h t a n d likely
w e r e a s s o c i a t e d w i t h t h e substrate; thus,

their a b u n d a n c e

and d e g r e e of a g g r e g a t i o n also differed s i g n i f i c a n t l y
b e t w e e n da y and n i g h t collections.
at t h e d eep s t a t i o n

In s o m e d a y l i g h t samples

(1990), however, m e g a l o p a e w e r e a b u ndant

a nd a g g r e g a t e d n e a r the bottom

(«10 m ) .

F o r this reason,

t h e i r m e a n d e n s i t i e s and degree o f aggreg a t i o n d i d n o t
d i f f e r s i g n i f i c a n t l y between d a y and n i g h t c o l l e c t i o n s in
1990.

W h e t h e r n e a r t h e surface o r near t h e bottom,

m e g a l o p a e w e r e a g g r e g a t e d when abundant.
B l u e c rab zoeae exhibit p o s i t i v e p h o t o t a x i s in the
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laboratory (Sulkin et al., 1979, 1980), but the light
response of megalopae has not been characterized.

In a

natural light field, Rhithropanopeus harrisii larvae swim
upward until they encounter a threshold light level, then
cease activity and passively descend in the water column
(Forward et al., 1984).

Although in situ light levels were

not measured in the present study, the presence of megalopae
deep in the water column during daylight, throughout the
water column at twilight, and at the surface at night
suggests that megalopae adjust their depth to avoid light
intensities above some threshold level, as do larvae of R.
harrisii (Forward & Cronin, 1980; Forward et al., 1984).
Movement between surface and bottom waters during twilight
was evident in the 1988 data (Fig. 2.2B,C,D); although
apparent in Set 7, temporal resolution during 1990 may have
been too coarse to observe this transition during each
twilight period (Fig. 2.4).
Depth distributions observed in this study agree with
those of Mense and Wenner (1989) who also found megalopae
more abundant near the surface at night and near the bottom
during the day in South Carolina estuaries.

In other

studies, however, the depth distribution of megalopae has
not been proven to be light-regulated, though peak
abundances generally occur at night (Epifanio et al., 1984;
Brookins & Epifanio, 1985; Little & Epifanio, 1991).
Megalopae in coastal waters off Chesapeake Bay are
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concentrated in the neuston during daylight (Johnson, 1982;
Maris, 1986; E. J. Olmi, pers. obs.), but Maris (1986) found
megalopae more abundant near the bottom at night.
Dungeness crab (Cancer magister) megalopae also exhibit
diel vertical migration.

In coastal waters off Washington,

Oregon, and Northern California, 62% of megalopae collected
at night were in the neuston, but only 8% were there during
daylight (Hobbs & Botsford, 1992).
Reduced capture rates of megalopae in illuminated
waters compared to dimly-lit waters necessarily raises the
possibility of net avoidance.

Blue crab megalopae are

relatively strong swimmers compared to most invertebrate
larvae, but their maximum speed over a distance of 10 cm
does not exceed 13 cm/s (Luckenbach & Orth, 1992).

The nets

used in this study were relatively large (1.0 x 0.5 m or
1.0-m diameter) with mesh (750 fi) coarse enough to allow
mean filtration efficiencies of approximately 90% (Appen.
2).

While net avoidance cannot be completely dismissed, it

is unlikely that the observed distributions of megalopae
resulted from net avoidance, especially since high densities
of megalopae have been collected with similar gear from the
offshore neuston during daylight (Johnson, 1982; Maris,
1986; E. J. Olmi, pers. obs.).
Sulkin (1984) suggested that the response of
crustacean larvae to light is not an adaptation primarily
related to vertical migration because the spectral
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sensitivity exhibited by brachyuran larvae is not consistent
with use of light as a primary orientation stimulus.
Nevertheless, such behavior keeps larvae out of well-lit
waters where susceptibility to visual predators is higher.
Morgan (1987) observed that decapod larvae retained within
estuaries have greater spination than those exported to the
shelf, and suggested that these morphological differences
resulted from differential predation pressure in the two
environments,

offshore, where predation pressure is

presumed to be lower, blue crab megalopae concentrate in
surface waters during daylight; inside the estuary,
megalopae exhibit diurnal vertical migration, consistent
with Morgan's hypothesis.
Although diurnal vertical migration may effect
selective tidal stream transport in diurnal tides (Hill,
1991), such behavior in the semi-diurnal tides of Atlantic
coast estuaries would not efficiently transport megalopae up
estuaries because megalopae would occupy surface waters
during both flood and ebb.

Thus, vertical migration in

response to light does not explain the transport of blue
crab megalopae up estuaries.

Field distributions: response to tides
Blue crab megalopae were significantly more abundant
during flood than ebb tides, indicating a net flux of
megalopae up the estuary.

This finding is consistent with
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other field studies at inlets (Epifanio et al., 1984;
Brookins & Epifanio, 1985) and within estuaries (Meredith,
1982; Olmi, 1986; Little and Epifanio, 1991).
As suggested by Epifanio et al. (1984), megalopae
apparently dropped out of the water column prior to or
during ebb and ascended during flood.

It is important to

note that megalopae appear to descend completely to the
bottom, not just near the bottom, during ebb.

In the

present study, the mean depth of megalopae did not differ
significantly between flood and ebb, suggesting that most
megalopae rapidly dropped out of the water column prior to
ebb; those that remained in the water column were
distributed as a function of their response to light.
Brookins & Epifanio (1985) and Maris (1986) also did not
observe a change in depth distribution of megalopae between
flood and ebb.
Blue crab megalopae exhibit a tidal periodicity in
their abundance that should result in movement up the
estuary.

What are the stimuli for this behavior?

Megalopae

are sensitive to pressure change and respond to increasing
pressure by raising their level of activity which, in
concert with negative geotaxis, results in upward movement
(Naylor & Isaac, 1973; Sulkin & Van Heukelem, 1982).
Increasing salinity may also stimulate activity in larval
crustaceans (Sulkin, 1984).
Megalopae in contact with the bottom could sense tidal
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transitions by changes in water characteristics
(particularly salinity) and pressure during passage of the
tidal wave.

Increasing salinity and pressure would

stimulate movement into the water column.

Salinity would be

expected to increase during flood; however, the direction
and speed of the current when pressure begins to increase
depends upon the shape of the tidal wave.

Examination of

current speed and tide height data in Figure 2.5 indicates
that low water preceded slack-before-flood by 0-2 h.
Megalopae descend by passive sinking, at a rate of 1.8
± 0.55 cm/s in the laboratory (Sulkin & Van Heukelem, 1982),
but what stimulus triggers their descent?

Blue crab

megalopae exhibit benthic affinities, and frequent contact
with the bottom and exposure to these stimuli could entrain
a circatidal rhythm of activity.

Cronin and Forward (1986)

reported that larvae of Rithropanopeus harrisii seemed
strongly predisposed to express tidal rhythms, and that
larvae hatched from crabs of a strongly tidal estuary have
circatidal vertical migrations.

Tidal activity rhythms have

also been observed in postlarvae of brown shrimp, Penaeus
aztecus. (Mathews et al., 1991) and pink shrimp, Penaeus
duorarum. (Hughs, 1972), and likely are important to other
decapod species whose postlarvae migrate into estuaries.
Two alternative scenarios that could result in greater
abundance of megalopae during flood than ebb should be
considered.

First, greater turbulence during flood currents
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could mix megalopae from the bottom into the water column.
This is unlikely, however, because maximum densities of
megalopae were not observed during maximum currents, but
occurred during either early (1990) or late (1988 and 1989)
flood.

Further, if turbulent mixing was responsible for

increasing megalopal abundance during flood, a high degree
of megalopal aggregation would not be expected.

In general,

blue crab megalopae were more aggregated, as well as more
abundant, during flood than ebb.
Second, because of the eularian approach used in this
study, we do not know the fate of megalopae after they
passed through the sampling site.

Even if megalopae

remained in the water column, high predation on megalopae
upstream of the site could reduce their numbers that
returned on ebb.

Data are not available to support or

refute this hypothesis; however, a general behavior pattern
such as tidally-timed vertical migration appears to be a
more parsimonious explanation than local predation because
megalopae have been more abundant during flood than ebb in
studies from different locations (Meredith, 1982; Epifanio
et al., 1984; Brookins & Epifanio, 1985; Olmi, 1986;Little
and Epifanio,

1991), and such differences were observed at

night (e.g., Fig. 2.3) when water-column predation on
megalopae is not likely to be high.
Finally,

though the Light x Current Direction

interaction term was not significant for each of the
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independent variables in 1990, there appeared to be an
interaction between light and tide (flood or ebb) in their
effect on megalopal behavior.
during ebb.

Megalopae were not abundant

During night flood, megalopae were abundant and

near the surface; while during day flood, they were near the
bottom and their abundance was variable.

Megalopae were

always aggregated when abundant.

Field distributions: response to other factors
Abundance, depth distribution, and degree of
aggregation were not significantly affected by water
temperature or salinity (1988 and 1989), or the water column
density gradient (stratification)

(1990).

Water column

temperature and salinity were not profiled at the shallow
sites (<4 m) in 1988 and 1989, but one would expect a nearhomogeneous water column.

Water temperature and salinity

varied little over the duration of a given sampling effort
(6-12 h) .

In 1990, at the deep water site, the water column

was well mixed, with a maximum A a% of 0.764 over the 10 m
depth during the 50-h sampling period.
The presence and depth of a pycnocline may affect the
depth distribution of invertebrate larvae (Tremblay &
Sinclair, 1990; Boudreau et al. . 1992).

In the laboratory,

haloclines of 2.5 psu appear to inhibit upward migration of
blue crab zoeae, but haloclines of 10 psu are necessary to
disrupt their ascent, a situation thought to be unlikely in
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the field (Sulkin & Van Heukelein, 1982) . Johnson (1982,
1985) examined the abundance and vertical distribution of
brachyuran megalopae along a transect from oligohaline
waters of the upper York River to coastal waters off the
mouth of Chesapeake Bay.

When a pycnocline was present,

blue crab megalopae were most abundant (78%) in the neuston
and 11.8% were found in the epibenthic layer? with no
pycnocline, 49.5% were in the neuston and 25.5% were in the
epibenthic layer (Johnson, 1985, Table 2.4).

The

relationship between depth distribution of megalopae and a
pycnocline may not be causal, however; these data may simply
reflect the neustonic distribution of megalopae offshore
(pycnocline) versus their vertical migratory behavior in
estuaries (no pycnocline).
Turbulent mixing during periods of rapid currents or
high wind stress may affect the abundance, depth
distribution and aggregation of larvae (deWolf, 1974; Heath
et al., 1988).

The depth distribution of larvae of the mud

crab Rhithropanopeus harrisii in the Newport River, North
Carolina, exhibited a 6.2-h periodicity; larvae were highest
in the water column during maximum currents (Cronin, 1982;
Cronin & Forward, 1982).

This pattern was interpreted as an

active response of larvae to mixing events in the water
column rather than passive redistribution of larvae by
turbulent flow (Cronin & Forward, 1986).

In the present

study, current speed was not significantly correlated with
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density, mean depth, or aggregation of blue crab megalopae.
Maximum densities occurred during early or late flood, not
during maximum currents, and never during ebb.

Wind stress

also was not correlated with megalopal density or mean
depth, and in only one instance was wind stress correlated
with the degree of aggregation (1988).

In this case the

correlation was positive, opposite of that expected if
megalopae were passively distributed by turbulent windmixing.

Thus, it appears that the vertical distribution of

blue crab megalopae in the York River was determined by
their combined response to light and current direction, and
not to water temperature, salinity, or passive
redistribution from turbulent mixing.

Conceptual model
From the collective evidence in this and other studies
(cited herein) emerges a conceptual model of the vertical
distribution of blue crab megalopae in estuaries.

A

graphical depiction of this model is presented in Figure
2.7.

Megalopae remain on the bottom during ebb.

As the

tidal wave passes and flood currents begin, increasing
hydrostatic pressure and a change in water characteristics
stimulates megalopal activity, resulting in movement of
megalopae from the substratum into the water column.

Prior

to ebb, most megalopae descend from the water column by
passive sinking, remaining on the bottom until the next
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FIGURE 2.7

DAY
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Figure 2.7. Conceptual model of the depth distribution of
blue crab megalopae in relation to light (day or night) and
current direction (flood or ebb). The depth distribution of
megalopae (indicated by dots) are shown for shallow and deep
water locations in each light by tide combination.
Direction of tidal currents are normal to the page.

flood.

This circatidal activity pattern - active during

flood and inactive during ebb - may be an endogenous rhythm,
reinforced during contact with the bottom by decreasing
pressure and salinity.
Ascent of megalopae into the water column is limited by
light intensity.

At night, megalopae move to the surface,

concentrating there during flood tides.

During daylight,

however, megalopae appear to move up in the water column
until encountering a threshold light level, which reduces
their activity and concentrates them lower in the water
column.

In shallow water, this threshold light level may

extend to the bottom such that megalopae remain inactive
during the daylight flood.

Megalopae may be found

throughout the water column during twilight, moving between
surface and bottom waters, with the direction of movement
determined by whether light is increasing (dawn) or
decreasing (dusk).
This model is appropriate for megalopae in estuaries,
but apparently not for megalopae in coastal waters, where
they are mostly neustonic.

There appears to be a change in

the behavior of blue crab megalopae in the vicinity of
inlets, as suggested by Boehlert and Mundy (1988) for
finfish.

Older megalopae near inlets may not only take up a

position lower in the water column to take advantage of nontidal flow into the estuary (Sulkin & Epifanio, 1986; Sulkin
& Van Heukelem, 1986), but also contact the bottom
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frequently, and in so doing entrain a circatidal activity
rhythm which enhances transport into the estuary.

Effect of depth distribution on transport
Net non-tidal inflow of bottom water into estuaries
with two-layered flow has been regarded as a probable
mechanism for transport into estuaries since the studies of
Tagatz (1968) and Sandifer (1973, 1975).

Sulkin and

Epifanio (1986) discussed the conservative nature of
residual circulation as a return mechanism.

Epifanio

(1988), however, noted that bottom drift into Delaware Bay
was extremely slow, and suggested that megalopae may augment
their landward transport by tidally-timed vertical
migration.
Following the methods of Ruzecki (unpublished ms) and
utilizing NOAA tidal current tables for 1990 (NOS 1989), I
estimated time of transport from the Chesapeake Bay mouth to
Gloucester Point in the York River for megalopae which
remained in bottom water and for megalopae which behaved as
suggested by this model.
Surface and bottom current predictions were used for
the following four stations: Bay Mouth (Cape Henry Light,
NOAA Station 4446), Lower Bay (Chesapeake Channel Buoy 11,
NOAA Station 4501), York River Entrance Channel (NOAA
Station 5311), and Lower York River (Tue Marshes Light, NOAA
Station 5326).

Assuming sinusoidal oscillations, the
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distance traveled during half a tidal period was calculated
by integrating the area under (flood) or over (ebb) the
curve, the amplitude and duration of which were taken from
the tidal current tables.

Current speeds between stations

were approximated by interpolation, and Tue Marshes Light
currents were used for the remainder of the York River up to
Gloucester Point.

I back-calculated transport starting with

megalopae collected during the 1990 field study at Site C
(Gloucester Point) during mid-flood on the night of 9
October (Set 20).
Megalopae that resided continuously in bottom water
required 13 tidal cycles to travel from the Bay Mouth to
Gloucester Point.

Those megalopae that were collected the

night of 9 October 1990 at Gloucester Point would have
entered the Bay Mouth during flood on the morning of 3
October.
To estimate transport time of vertically migrating
megalopae, I assumed that megalopae were on the bottom
during ebb and in the water column during flood.

During

flood, megalopae were near the surface at night (1800-0700)
and near the bottom during day (0700-1800).

These megalopae

required 8 tidal cycles to reach Gloucester Point having
entered the Bay mouth during mid-flood on the morning of 6
October (7 flood tides would have accomplished this
transport had the megalopae started at the Bay mouth during
early flood on 6 October).
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These transport times are approximate and represent
only one set of tidal current conditions; however, they do
provide an estimate of the time required for megalopae to
traverse 56 km from the Bay mouth into the York River, a
primary tributary of lower Chesapeake Bay.

These

calculations suggest that megalopae which behave as
suggested by this model would reach Gloucester Point in 33.5 d compared to 6.5 d for megalopae remaining near the
bottom and relying on residual non-tidal circulation.

Thus,

this behavior reduces transport time to juvenile nursery
areas and, presumably, exposure to predators along the way.

Timing of metamorphosis
As blue crab megalopae migrate up the estuary, they are
physiologically approaching metamorphosis to the juvenile
stage.

Metcalf and Lipcius (1992) observed a strong

correlation between distance upstream from the Chesapeake
Bay mouth and molt stage of megalopae.

McConaugha (1988)

reported that blue crab megalopae collected from outside of
Chesapeake Bay and transferred to the laboratory molted to
the juvenile stage in 4-7 d and noted that this duration was
consistent with the time required to initiate a molt cycle
that has been suspended in early premolt.

This time is also

consistent with the transport times presented here, yet we
have observed more rapid metamorphosis (means of 2-3 d) of
offshore-collected megalopae (van Montfrans and Olmi,
74

unpubl. data).

Megalopae likely suspend their progression

through the molt cycle while offshore, and reinitiate it
once in the estuary.

Plasticity in the time to

metamorphosis would allow megalopae to reach suitable
habitats where they could rapidly molt to the juvenile stage
—

megalopae collected from grass beds in the York River are

more advanced in molt stage than those collected from the
plankton (Lipcius et al., 1990; Metcalf & Lipcius, 1992).
Megalopae appear to settle preferentially in structured
habitats, such as grass beds, where they remain through
several juvenile instars (Orth & van Montfrans, 1987; Chapt.
4 of this study).

CONCLUSIONS
Abundance, depth and aggregation of blue crab megalopae
were affected by light and current direction (flood or ebb),
but not current speed, wind speed, water temperature or
salinity.

Megalopae were more abundant in the water column

during flood than ebb, indicating net upstream transport.
Densities were always low during ebb, suggesting that
megalopae avoid ebb currents, probably by residing on the
bottom.

During flood, megalopae were abundant and

aggregated near the surface at night; during day, megalopae
were generally less abundant and lower in the water column,
although high densities did occur at depth.

At shallow

sites, megalopae were never abundant during day, probably
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because megalopae will not ascend from the bottom into welllit waters-

Regardless of density, the mean depth of

megalopae in the water column varied directly with light —
near the surface at night and near the bottom during day.
Megalopae appeared to respond similarly to environmental
conditions such that whenever they were abundant, they were
aggregated.
These responses to light and current direction were
incorporated into a conceptual model, drawing on published
literature to explain behavioral responses.

The model

posits that megalopae reside on the bottom during ebb.

As

the current begins to flood, changes in pressure and water
characteristics stimulate activity of megalopae, resulting
in movement into the water column.

At night, megalopae move

to the surface; during daylight, their ascent is limited by
a threshold light level.

The circatidal activity pattern

may be an endogenous rhythm, reinforced during contact with
the bottom.
In early October 1990, megalopae which solely depended
upon non-tidal residual inflow of bottom water would have
required approximately 6.5 d to travel 65 km from the mouth
of Chesapeake Bay to Gloucester Point in the York River;
whereas, megalopae which behaved according to this model
would have taken approximately 3-3.5 d.

Thus, according to

this conceptual model, megalopae selectively occupy flood
currents to move more rapidly up the estuary to nursery
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areas, while concurrently avoiding well-lit waters where
susceptibility to predation would be high.

Upon reaching

suitable habitat, megalopae may settle and rapidly
metamorphose to the juvenile stage.
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CHAPTER THREE

NIGHTLY ABUNDANCE OF PLANKTONIC BLUE CRAB MEGALOPAE
IN THE YORK RIVER, VIRGINIA, 1987-1989

INTRODUCTION
Physical transport processes may play a major role in
shaping the population demographics of marine species with
planktonic larvae (Sale, 1980? Connell, 1985; Gaines et al..
1985; Victor, 1986; McConnaughey et al., 1992).

As noted by

McConnaughey et al. (1992), meroplanktonic larvae are
adapted for long-range dispersal, yet are fundamentally
responsible for repopulating established areas.

The timing,

duration and behavior of larval stages in many species
appear adapted to take advantage of circulation patterns (at
various temporal and geographic scales) that allow larvae to
repopulate adult habitats (Phillips, 1981; Boicourt, 1982;
Cronin and Forward, 1986; Checkley et al., 1988; Sinclair,
1988).
In estuaries, where the net flow is seaward, larvae
released into the water column risk advection out of the
estuary and loss from the population.

For many estuarine

species, however, larval behavior interacts with transport
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processes to effect retention within the estuary (Bousfield,
1955; Sandifer, 1975; Fortier & Leggett, 1983; Cronin &
Forward 1986; Maris, 1986; Epifanio, 1988).

Yet other

species, including the blue crab fCallinectes sapidus),
exhibit behavior that enhances larval export to coastal
waters, with subsequent return by later-stage larvae,
postlarvae or juveniles (Sandifer, 1975; Maris, 1986;
Epifanio, 1988; McConaugha, 1988).
Adult female blue crabs migrate to the lower reaches of
estuaries to release their larvae (Van Engel, 1958; Darnell,
1959; Tagatz, 1968).

In the mid-Atlantic Bight, larval

release occurs during summer months with maximum activity in
July and August (Dittel & Epifanio, 1982; McConaugha et al.,
1983).

First stage larvae exhibit negative geotaxis and

high barokinesis, characteristics which promote movement to
the surface (Sulkin et al. 1980; Sulkin & van Heukelem,
1982).

Field distributions indicate that larvae are

released during nighttime ebb tides, move to the surface,
and are flushed out to coastal waters (Dittel & Epifanio,
1982; Provenzano et al., 1983; Epifanio et al., 1984).
Larvae remain near the surface during their 4-6 wk
development through seven zoeal stages to the postlarval
stage, the megalopa (Dudley & Judy, 1971; McConaugha et al..
1983; D. F. Johnson, 1985; Maris, 1986; Epifanio et al..
1989).
Because of their surface distribution, zoeae and
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megalopae are subject to wind-forced transport.

During

summer in the mid-Atlantic Bight, winds predominately from
the south may drive a northward flowing band of surface
water on the inner shelf against the general southward flow
of shelf water (Beardsley and Boicourt, 1981; Boicourt,
1981; Pape and Garvine, 1982; Johnson et al.. 1984).

This

mechanism appears important in maintaining a pool of larvae
and postlarvae on the shelf in the vicinity of the estuary
of origin (Boicourt, 1982; Johnson et al.r 1984; D.R.
Johnson, 1985; Sulkin & Epifanio, 1986; Epifanio et al..
1989), but does not provide a mechanism for estuarine
immigration.
D. F. Johnson (1985) observed maximum concentrations of
blue crab megalopae in the neuston 33 km offshore of the
mouth of Chesapeake Bay and suggested that in the absence of
strong onshore winds, return to Chesapeake Bay must be by
juveniles.

It is clear from a number of studies, however,

that the megalopa is the stage responsible for immigration
into estuaries and colonization of shallow water habitats
(Williams, 1971; Meredith, 1982; Epifanio et al., 1984;
Olmi, 1986; van Montfrans et al., 1990; this study).
Several mechanisms have been proposed for the transport
of megalopae into estuaries.

In addition to direct forcing

of surface waters that may transport megalopae toward the
coast (D. F. Johnson, 1985), wind stress can effect
transport via changes in sea level and resultant nontidal
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flow between the coastal ocean and estuaries (Wang &
Elliott, 1978? Wang, 1979; Goodrich, 1988).

Peaks in

abundance of megalopae in estuaries have been associated
with occasions of positive volume in the estuary (Goodrich
et al. 1989; Little & Epifanio, 1991).
Gravitational circulation in estuaries provides a
conservative mechanism for return of blue crab megalopae.
Bottom water inflow to Chesapeake and Delaware Bays is
apparent 40 km offshore and extends well into estuaries
(Bumpus, 1973; Beardsley & Boicourt, 1981; Pape & Garvine,
1982).

Although most megalopae are near the surface in

coastal waters, some (12-25 %) are near the bottom (D. F.
Johnson, 1985).

Sulkin and van Heukelem (1986) suggested

that those megalopae near the bottom are positioned to be
transported into the estuary by the residual circulation.
Epifanio (1988) noted that transport via bottom water
into Delaware Bay would be very slow and suggested that
megalopae may augment their transport by tidally-timed
vertical migration.

Greater abundance of megalopae during

flood than ebb in estuaries also indicated tidal transport
(Meredith, 1982; Epifanio et al., 1984? Olmi, 1986; Mense &
Wenner, 1989? Chapt. 2).

The effectiveness of tidal

transport, however, diminishes offshore from the mouth of
the estuary.
Finally, Shanks (1983, 1986, 1988) has suggested that
tidally-forced internal waves over the continental shelf can
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transport fish and invertebrate larvae shoreward in surface
slicks.

Internal waves may transport megalopae shoreward,

but would likely be incapable of transporting them into
estuaries.
These hypothesized mechanisms are not all mutually
exclusive and some combination of them could be used by
megalopae for estuarine immigration.

Temporal patterns of

abundance of megalopae in the estuary may, however, reflect
the mechanism(s) that most influence their transport.
In Chapter 2, I presented evidence that blue crab
megalopae in the York River migrate vertically to utilize
flood currents for transport up-river.

In this study, I

quantify the abundance of megalopae nightly during the
recruitment seasons of 1987, 1988 and 1989.

I then relate

fluctuations in abundance of megalopae to several variables
that might influence their immigration and interpret these
relationships in terms of hypothesized transport mechanisms.

METHODS
Study site
This study was conducted at a site on the north shore
of the York River, Virginia, 12 km from the river's mouth
(Fig. 3.1).

Samples were collected from a pier which

extends approximately 100 m from the shore, where water
depth is approximately 3.5 m at mean low water, and the
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FIGURE 3.1
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Figure 3.1. Map of Chesapeake Bay showing the site (A) of
nightly plankton collections in the York River, VA.
Isobaths are in feet. Map inset shows study area (■) and
sea level stations (•) at Kiptopeake, VA, Solomons, MD, and
Baltimore, MD.

bottom is muddy-sand.

This is the same site as Site A in

Chapter 2.

Field sampling
Paired plankton samples were collected nightly during
the period of immigration of blue crab megalopae into
Chesapeake Bay in 1987, 1988 and 1989.

Dates of sampling

were 27 July - 2 Dec 1987; 21 July - 29 Nov 1988; and 13
July - 2 2 NOV 1989.
The sampling gear consisted of two identical plankton
nets (750/i mesh) mounted 1 m apart on a common frame.

The

mouth of each net was 1.0 x 0.5 m with the long axis of the
opening positioned vertically.

A wire screen of 2.5-cm

square mesh was bent in a V shape and mounted to the frame
in front of each net to reduce the catch of coelenterates.
The weighted net frame was deployed from a boom such that
each net sampled a section of the water column 0.5 m wide
from the surface to 0.8 m below the surface.

Bach net was

equipped with a flowmeter (General Oceanics model 2030 with
low-speed rotor) for quantifying water volumes sampled.

A

third flowmeter, positioned between the two nets, measured
current speed.
two ways.

The performance of the nets was evaluated in

First, I quantified the effect of deflector

screens on water filtration and capture of megalopae by
comparing nets with screens and nets without screens
(Appendix 1).

Second, I evaluated the efficiency of the
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nets during the three years by comparing flow through the
nets with flow past the meter located between the two nets
(Appendix 2).
The abundance and vertical distribution of megalopae
vary with light and tide; maximum abundance generally occurs
at the surface during flood tides at night (Chapt. 2).

For

this reason, I sampled only during the nighttime flood
tides.

Nets were deployed each night for 20 min during the

time of predicted maximum flood current.

When predicted

maximum currents occurred during dawn or dusk, time of
sampling was adjusted in favor of darkness, but not by more
than 1 hr.

Such variation in time the nets were set (in

relation to flood stage) does not affect the measures of
abundance of megalopae because megalopal abundance does not
vary significantly with stage of the nighttime flood tide
(Appendix 3).
Plankton samples were processed as described in
Chapter 2.

Environmental observations
Water temperature and salinity were measured with an
Interocean CSTD probe (model 513) at a depth of 2 m above
the bottom within six minutes after the nets were set.

On

occasions when the temperature/salinity probe malfunctioned,
I either used an average of the values for the preceding and
succeeding nights or substituted measurements recorded
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approximately 0800 hrs each day from the same location (van
Montfrans et al., 1990).

Salinity measurements were not

available for the period 31 Jul - 20 Aug 1987.
A NOAA sea level station at Gloucester Point recorded
the time and height of each low and high tide (NOAA,
National Ocean Service). Tidal range was calculated as the
difference in height between consecutive observed low and
high tides, and a mean daily tidal range was calculated from
these.
Non-tidal volume flux is a measure of wind-driven
exchange at the Chesapeake Bay mouth (Goodrich, 1988) .

The

procedure used to calculate non-tidal volume flux in
Chesapeake Bay is described in Goodrich et al. (1989) and is
reproduced here in modified form.

The volume flux procedure

is based on continuity of mass, since changes in sea level
are induced by fluxes of water into or out of the estuary.
While freshwater influx to Chesapeake Bay also contributes
to non-tidal exchange, its amplitude is negligible compared
to oscillatory, wind-driven exchange (Wang, 1979? Goodrich
et al. 1989) ; thus runoff has not been included in these
calculations of volume flux.

Subtidal volume of Chesapeake

Bay was calculated from sea level data at three stations,
Baltimore, Solomons, and Kiptopeake (Fig. 3.1).

Each sea

level series was passed through a 34-hr low pass filter to
remove oscillations at tidal frequencies and above.
Subtidal volume was calculated by interpolating the observed
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sea level Bay-wide and multiplying by the surface area.
Integrating the volume flux in time and removing the mean
provides a subtidal volume series (sampled at 4-h
intervals). Daily subtidal volume was calculated as the
mean of the 4-h observations in a given day.
The subtidal volume series reaches a maximum in
September then declines through the fall, likely due to
thermal expansion and contraction of the water column
(Goodrich et al., 1989).

This seasonal signal was removed

by fitting a polynomial to the series, then using the
residuals in comparison with megalopal densities.
Wind stress is a measure of the energy imparted on the
sea surface by winds blowing over that surface; thus, it is
a better measure of potential wind-driven transport than
wind velocity.

Wind stress was determined as follows;

Vector averaged daily mean wind speed and direction at the
National Weather Service station, Norfolk, Virginia, during
1987, 1988 and 1989 were obtained from the National Climatic
Center, Asheville, North Carolina.

Wind data were smoothed

using a triangular three point moving average (values at
time t-1 and t+1 carry weights 1/2 that of the value at time
t) and rotated 180° to reflect the direction of wind-driven
current flow.

The N-S and E-W components of wind flow were

calculated as sinusoidal functions of wind velocity.

Wind

stress (newtons/m2) in the N-S and E-W directions was
calculated as the square of the wind speed component in the
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respective direction, multiplied by a drag coefficient of
1.5 x 10'3.

Data analysis
Abundances of planktonic animals are typically
standardized per unit volume of water so that data collected
with different net sizes, tow times, etc. are comparable.
This convention is followed here - the abundance of blue
crab megalopae in each net was standardized as the number of
individuals per 103 m of water filtered, and the density
(ind/103 m) reported for each date represents the mean of
the paired nets.

The delivery rate of megalopae to a

particular area, however, is a function of the concentration
of megalopae in the water and the flow past this area.

By

using stationary nets and constant duration of net
deployment throughout the study, absolute numbers of
megalopae collected provide information on the delivery rate
of megalopae to the area.

Therefore, in some instances, I

also report mean number of megalopae per nightly deployment.
Dates of collection were standardized as if all samples
were collected prior to midnight (e.g., if a sample was
collected at 0330 hrs on 10 Sept, the date was standardized
to 9 Sept; a sample collected at 1900 hrs on 10 September
was standardized to 10 September).

On occasions when a

sample was not collected during the night flood, megalopal
density for that date was estimated as the average of the
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preceding and succeeding nights' densities.
Sampling for megalopae continued until late November,
even though megalopal density declined to near zero by midNovember of each year.

In order to avoid biasing the

statistical analyses with many near-zero values at the end
of each series, each series was truncated at the day after a
density >l/10m3 was last recorded.

Thus the time series

used in statistical analyses were: 27 July - 22 Nov 1987, 19
July - 12 Nov 1988, and 12 July - 6 Nov 1989.
The distribution of values of megalopal density for
each year was compared to a random distribution with the
same mean to determine if abundance of megalopae in nightly
York River plankton collections was random.
The time-series of nightly collections in each year
were examined by autocorrelation to detect periodicity in
megalopal abundance within the series (Dataplot and Minitab
statistical packages; Ryan et al., 1985).
In order to associate changes in abundance of blue crab
megalopae with environmental factors (in each year) , daily
mean densities of megalopae were cross-correlated with the
following variables: water temperature, salinity, observed
mean daily tidal range, non-tidal volume flux in Chesapeake
Bay, and wind stress.

Cross-correlation analyses provided a

measure of the strength of association between megalopal
density and each of the environmental variables at varying
time steps, thereby identifying any time lag in their
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association.

Results of the cross-correlation analyses are

presented as significant correlations between the dependent
variable at time t=0 and the independent variable at time
t+k, where k = the number of time steps in days (i.e. days
lagged).

Cross-correlation analysis was also used to

examine association among the independent variables.
For each year, mean number and density of megalopae
vare separately related to each environmental variable,
appropriately lagged, in a linear regression model with
megalopal abundance as the dependent variable.

Residuals

from each simple linear regression were examined visually to
evaluate deviations from assumptions of the model and the
adequacy of the linear model to fit the data.

Mean number

and density of megalopae were then fit to multiple
regression models using the "step down" or elimination
approach (Zar, 1984).
Finally, all three years of data were analyzed in toto
by ANCOVA, with mean number of megalopae or megalopal
abundance as the dependent variable, year as a factor, and
temperature, salinity, tidal range, NS wind stress, EW wind
stress, and subtidal volume as covariates.

RESULTS
Net performance and current speeds
Deflector screens reduced flow through the nets by
8.5% when screens remained free of gelatinous animals (Sept90

Nov), but when the coelenterates Chrysaeora quinouecirra and
Aurelia aurita were abundant (Jul-Aug), flow was reduced by
as much as 14.7%.

Screens also apparently increased

avoidance of nets by megalopae - their density (which
accounts for differences in flow) decreased by 15.5%
compared to nets without screens when coelenterates were
absent and by almost 300% when screens were heavily fouled
by the sea nettle Chrvsaeora auinauecirra (Appendix 1).
Such severe clogging of the nets was rare, however.

Screens

were in place throughout the three years of the nightly
series and the average filtration efficiency of the nets
(compared to the free flowmeter) was approximately 90%
(Appendix 2).

Filtration efficiency was not correlated with

current speed.
Current speeds measured at the time of collection
during the nightly series ranged from 6.7 to 41.4 cm/s, with
a mean of approximately 25 cm/s (sd, 5.4 - 6.3) in all three
years (Appendix 2).

Volumes filtered per net per 20-min

deployment ranged from 19.8 to 222.3 m3; mean volumes for
each year were: 1987, 95.2 m3 (sd=26.8); 1988, 104.4 m3
(sd=27.1); 1989, 107.1m3 (sd=35.5).
Current speed was not quantified for 40-60% of the
nightly collections in each year.

Abundance of megalopae

(mean number of megalopae and megalopal density) and current
speed were not significantly correlated in 1987 (n=48) or
1988 (n=69), but were negatively correlated in 1989 (n=68;
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p<.05).

In samples collected throughout the night flood

tide, megalopal densities were not correlated with current
speed (Appendix 3).

Because current speed measurements were

missing for many observations and the data generally
indicate little relationship between abundance of megalopae
and current speed, current speed is not included in the
regression models that fit megalopal abundance to
environmental factors.

Abundance of megalopae
Blue crab megalopae were present in nightly plankton
collections from mid-July through late November, but their
abundance was highly variable among and within years (Fig.
3.2).

The total number of megalopae collected varied among

years by nearly a factor of two (Table 3.1).

In all three

years, the greatest number of megalopae was collected during
September, and by early November, megalopal abundance
declined to near zero (Table 3.1).
Nightly mean densities (ind/10 m3) varied between 092.2 in 1987, 0-76.5 in 1988 and 0-84.4 in 1989 (Fig. 3.2);
nightly mean number and density were highly correlated
(Table 3.2).

The distributions of densities were highly

skewed, with many low values and relatively few high values.
In all three years, the mean density was >3 times the median
and the variance was >20 times the mean (Table 3.2).

In

each year the distribution of densities was significantly
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FIGURE 3.2
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Figure 3.2. Nightly density of planktonic blue crab
megalopae in the York River, VA in 1987 (top), 1988
(center), and 1989 (bottom). Times of new moon (small
circles) and full moon (large circles) are indicated.
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TABLE 3.2

1987

1988

1989

Observations

129

134

133

Total Number

20,714

25,234

13,357

0

0

0

92.16

76.54

84.42

7.79

9.32

5.21

15.22

14.11

12.30

1.72

2.85

1.38

0

0

0

1151.5

735.5

812.0

80.3

94.2

50.2

177.3

144.1

117.1

15.0

25.5

12.5

Nightly Density
minimum
maximum
mean
sd
median
Nightly Number
minimum
maximum
mean
sd
median
Corr. Coefficient
(density v number)

0.98

0.94

0.97

Table 3.2. Abundance of blue crab megalopae in 1987, 1988
and 1989. Each observation of Nightly Density and Nightly
Number of megalopae is a mean of the paired nets.

different from a distribution with the same mean and
randomly distributed observations.
The abundance of megalopae was episodic.

Generally,

2-8 d periods of high abundance were separated by at least
several days of very low abundance.

Approximately 40% of

the observations each constituted less than 0.1% of the
total number of megalopae collected each year (Fig. 3.3).
In contrast, the 6% (n=7) of the collections with the
greatest numbers of megalopae made up 49 (1987), 31 (1988) ,
and 46 (1989) percent of the total in each year.

When the

cumulative proportion of the total is expressed as a
function of time (Fig. 3.4), it is clear that "episodes" of
high abundance may contribute greatly to the total influx of
megalopae to the system.

In particular, note the cumulative

proportion for 1987 (Fig. 3.4 A ) ; approximately half of all
megalopae collected that year were caught during an eightday period in early September.

Similarly in 1989, greater

than 30% of the total number were collected during only
three days in early September (Figs. 3.2C and 3.4C).

In

1988, the year of greatest abundance, approximately 75% of
the megalopae were collected between mid-August and late
September; however, individual 2-7 d "episodes" of influx
during this time each comprised no more than approximately
15% of the total (Figs. 3.2B and 3.4B).
Megalopal density was significantly and positively
autocorrelated at days 1-5 (1987) , 1-4 (1988), and 1-5
96

FIGURE 3.3

50
1987
Total M egalopae = 20,714

401

>
o-

2 301|

o
tu
F 20I
I

10
■X

- V ------- ,-r1------ .------ r*---- r -

7

B 9

10

11 12

50
1988
Total M egalopae = 25,2 3 4

40

= 20
10

0
0 1

2

3

4

5

6

7

8

9

10

11

12

50 i
1989
Total M egalopae

401|

13,357

>
u•
m 301|
O

uj

F 20I
I

10
null '»
2

3

4

5

6

7

8

9

10

11

12

PERCENT OF TOTAL MEGALOPAE

Figure 3.3. Frequency histogram of nightly collections as
percent of total number of megalopae collected during 1987
(top), 1988 (center), and 1989 (bottom). Intervals are 0.2%.
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Figure 3.4. Cumulative proportion of the total number of
megalopae collected by date in 1987 (top), 1988 (center),
and 1989 (bottom).

(1989), indicating that densities remained relatively
similar (either low or high) for periods of 4-5 days (Fig.
3.5).

A periodicity of approximately 14 d in the abundance

of megalopae is suggested in the 1988 data, but no
periodicity was detected in megalopal densities during 1987
or 1989.
Many periods of high abundance appear associated with
new and full stages of the moon (Fig. 3.2), and the
periodicity of megalopal densities in 1988 is close to
fortnightly periods.

Patterns of abundance varied among

years when megalopal densities were aggregated by lunar day
(Fig. 3.6).

Mean densities were generally higher on or

following (1-6 d) new (1988 & 1989) and full (1987, 1988
1989) moons,

&

but peaks in abundance also occurred at other

times within the lunar month.

Relationship to environmental variables
Water Temperature Water temperature reached a maximum of approximately
30° c in August of 1987 and 1988, then declined to

approximately 10° C by late November.

In 1989, water

temperature remained 24-27.5° C until mid-September, then
declined to 11° C by late November (Fig. 3.7-3.9).

Cross

correlations of megalopal density and water temperature
indicated prolonged positive association between the two
variables, reflecting the relatively higher abundances
99
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Figure 3.5. Autocorrelation function of density of blue crab
megalopae in 1987 (top), 1988 (center), and 1989 (bottom).
Horizontal lines mark zero correlation and significant
correlation at the .05 level.

FIGURE 3.6

LUNAR DAY

Figure 3.6. Mean density of blue crab megalopae by lunar day
in 1987 (top), 1988 (center), and 1989 (bottom). New moon =
day 1, full moon = day 15.

Figure 3.7. Density of megalopae and measures of the
environmental variables by date for 1987. Panels from top
to bottom: Observed tidal range at Gloucester Point, VA;
Water temperature and salinity; Density of blue crab
megalopae; Stick plot of daily-averaged wind velocity at
Norfolk, VA airport; Residual subtidal volume in Chesapeake
Bay.
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Figure 3.8. Density of megalopae and measures of the
environmental variables by date for 1988. Panels from top
to bottom: Observed tidal range at Gloucester Point, VA;
Water temperature and salinity; Density of blue crab
megalopae; Stick plot of daily-averaged wind velocity at
Norfolk, VA airport; Residual subtidal volume in Chesapeake
Bay.
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Figure 3.9. Density of megalopae and measures of the
environmental variables by date for 1989. Panels from top
to bottom: Observed tidal range at Gloucester Point, VA;
Water temperature and salinity; Density of blue crab
megalopae; Stick plot of daily-averaged wind velocity at
Norfolk, VA airport; Residual subtidal volume in Chesapeake
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observed during August and September when water temperature
was greatest.
Salinity Salinity varied less than 5 psu in each year: 1987, 2023 psu; 1988, 21-26 psu; 1989, 15-20 psu (Fig. 3.7-3.9).
Despite the small variation in salinity, megalopal density
was positively correlated with salinity at -8 to 0 d in 1987
and -4 to -1 d in 1988.

Abundance of megalopae and salinity

were not significantly correlated in 1989.

Salinity,

however, was also significantly correlated with tidal range
(1987) and N-S wind stress (1987, 1988, 1989).

It is likely

that the association between abundance of megalopae and
salinity results from a similar response to the forcing
factors of tidal range and wind stress.
Tidal Range Observed tidal range at Gloucester Point varied from 17
to 118 cm, and the daily mean tidal range varied from 38 to
106 cm.

The mean tidal range for the study period in each

year was: 1987, 69 cm; 1988, 71 cm; and 1989, 72 cm.
Observed daily mean tidal range tracked predicted mean tidal
range reasonably well (r=.954 to .964; predicted tide data
for Gloucester Point provided by D. Evans, VIMS).

Megalopal

density was significantly and positively correlated with
observed tidal range at -3 to +3 d in 1987 (max. r=+.314 at
t=0) and -5 to -l d in 1988 (max. r=+.253 at t-3); a similar
association was not detected in 1989 (Fig 3.10).
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Figure 3.10. Plot of the cross-correlation function (CCF)
between megalopal density (time t) and observed tidal range
(time t+k) for 1987 (top), 1988 (center), and 1989 (bottom).
Horizontal lines mark zero correlation and significant
correlation at the .05 level.

regression analyses, tide range was lagged 0 d in 1987 and
3 d in 1988 and 1989.
Wind stress In the Chesapeake Bay area, winds during summer
generally blow to the north, a result of the Bermuda High
(Goodrich and Blumberg, 1991).

In autumn, however, this

pattern changes and the wind field becomes dominated by
passage of cold fronts and winter storms, with greater
influence of winds to the south.

This general pattern was

observed during the three years of this study (Fig. 3.73.9).

Note that a change in the wind field is first

apparent in August of each year.
Abundance of blue crab megalopae was significantly
negatively correlated with east-west wind stress in all
three years of the study.

A significant negative

correlation indicates that megalopal abundance was high when
the wind stress was negative or to the west, and low when
wind stress was positive or to the east.

Cross-correlation

of the two variables revealed that they were significantly
correlated over 7-10 d periods encompassing t=0, the date of
collection (Fig. 3.11).
North-south wind stress was significantly correlated
with megalopal density only in 1989; the two variables were
negatively correlated on days t-1, t, and t+1.

Thus, higher

abundance of megalopae was associated with winds to the
south and lower abundance with northward winds.
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Figure 3.11. Plot of the cross-correlation function (CCF)
between megalopal density (time t) and east-west wind stress
(time t+k) for 1987 (top), 1988 (center), and 1989 (bottom).
Horizontal lines mark zero correlation and significant
correlation at the .05 level.

stress was also significantly correlated with E-W wind
stress (positive).
In all cases, significant correlations between
megalopal density and wind stress occurred during several
days encompassing the date of collection, with the strongest
correlation on the day of collection (i.e., time t=0; no
lag).

Abundance was not significantly correlated with wind

stress (in any direction) more than 6 days prior to the date
of collection.

For this reason, megalopal abundance was not

lagged with respect to wind stress for regression analysis
or plots of megalopal density v. wind stress.

Southwestward

and northeastward winds predominated during the study, and,
in all three years, highest densities of megalopae were
associated with winds blowing to the west-southwest (i.e.,
from the east-northeast) (Fig. 3.12).
Subtidal volumeSubtidal volume flux in Chesapeake Bay varies with the
velocity and duration of wind forcing (Wang, 1979) .

If

megalopae are transported into the Bay during wind-forced
influx of water, there is no reason to expect a lag of more
than a few days, if at all, between positive subtidal volume
and an increase in megalopal abundance, especially since the
response of megalopal abundance to wind stress was on the
order of 0-4 d. For this reason, I only consider the period
t-6 to t+6 in cross-correlations of subtidal volume.
three years of this study, the demeaned and detrended
109

In all

Figure 3.12. Plot of megalopal density against north-south
and east-west wind stress for 1987 (top), 1988 (center) and
1989 (bottom). The size of the circles indicates relative
magnitude of megalopal abundance within each year. Wind
stress is newtons/m2.
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subtidal volume series was significantly negatively
correlated with E-W wind stress within 2 d of t=0 (max. rvalues: 1987, -.330; 1988, -.244; 1989, -.456).

The

relationship between subtidal volume and NS wind stress was
not clear; NS wind stress (t) and subtidal volume (t+k) were
negatively correlated (t+0 to t+2, max. r=-.297) in 1987,
not significantly correlated in 1988, and positively
correlated (t-3 to t-1, max. r=.216) in 1989.
Megalopal density was positively correlated with
subtidal volume 0-3 days later in 1989 (max. r=.276), but
was not significantly correlated with subtidal volume in
1987 or 1988.
Regression model A lag of 3 d was applied to the observed tidal range
data for 1988 and 1989; no other lags were applied to data
in the regression model.
E-W wind stress was clearly the most important variable
affecting variation in abundance of blue crab megalopae in
each year (Table 3.3).

In 1987, two significant independent

variables, E-W wind stress and tidal range, explained 38.4%
of the variation in megalopal density.

These two variables

explained 44.2% of the variation in the nightly mean number
of megalopae collected.

Although salinity was not

statistically significant, its addition to the models
increased the r2 by 9.5%.

In 1988, the same two variables,

E-W wind stress and tidal range, were important in the
111

TABLE 3.3
A. Regression Analysis for density of megalopae.
MEG. DENSITY = -13.0 - 726 EW + 9.06 TIDE RANGE

COEF

constant

-13.0

5.89

-726.5
9.06

e-w

wind

tide range

T-RATIO

ST. DEV.

PREDICTOR

__P_

2.20

.000

100.6

-7.22

.000

2.58

3.51

.001

-

R2 = 38.4
SOURCE

DF

SS

MS

p

2

11143.9

5572.0

error

116

29031.7

154.2

total

118

29031.7

regression

54.62

.000

B. Regression Analysis for mean number of megalopae.
MN MEGALOPAE = -155 - 9354 EW + 102 TIDE RANGE
PREDICTOR

COEF

constant
e-w

wind

tide range

ST. DEV.

T-RATIO

__p_

-155.5

65.43

-2.38

.019

-9354

1118

-8.37

.000

101.8

28.65

3.55

.001

R2 = 44.2
SOURCE

DF

SS

2

1749260

874630

error

116

2208527

19039

total

118

3957788

regression

__P_

MS
45.94

.000

Table 3.3. Results of regression analysis of 1987 data for
A. Density of megalopae and B. nightly mean number of
megalopae. E-W = east-west wind stress; TIDE RANGE =
observed daily mean tidal range at Gloucester Point.

regression model/ explaining 14.8% of the variation in
megalopal density and 21.7% of the variation in the mean
number of megalopae (Table 3.4).

Although highly

significant in the regression model for mean number of
megalopae, tidal range was not significant at the .05 level
(P=.062) in the regression model for density (Table 3.4)
E-W wind stress and N-S wind stress were significant
factors in the regression model for 1989, explaining 47.8%
of the variation in megalopal density and 56.2% of the
variation in the nightly mean number of megalopae.

In the

cross-correlation analysis, megalopal abundance was
negatively correlated with N-S wind stress; however, when EW wind stress is held constant in multiple regression
analysis the significant relationship between megalopal
density and N-S wind stress is positive.

This result

suggests that the negative correlation between megalopal
abundance and N-S wind stress was due to colinearity with EW wind stress.

Megalopal abundance was not significantly

related to tidal range in 1989 (Table 3.5).
ANCOVA Model For the combined data sets analyzed by analysis of
covariance, the abundance of megalopae (density and mean
number) did not differ significantly among years, but did so
in relation to the covariates (Table 3.6).

Among the

covariates, E-W wind stress, N-S wind stress and tidal range
had a significant effect (P<.01) on megalopal abundance;
113

TABLE 3.4

A. Regression Analysis for density of megalopae.
MEG. DENSITY = -2.10 - 511 EW + 5.47 TIDE RANGE
PREDICTOR

COEF

constant

-

e-w

wind

tide range

ST. DEV.

T-RATIO

p

2.10

6.76

-0.31

.757

-511.3

176.6

-2.90

.005

5.47

2.90

1.88

.062

R2 = 14.8
SOURCE
regression

DF

SS

MS

_P_

2

3670.2

1835.1

error

114

21161.5

185.6

total

116

24831.6

9.89

.000

B. Regression Analysis for mean number of megalopae.
MN MEGALOPAE = -74.2 - 5768 EW + 78.4 TIDE RANGE
PREDICTOR
constant
e-w

wind

tide range

COEF

ST. DEV.

-74.15

66.23

-5768
78.39

T-RATIO

__p_

1.12

.265

1731

-3.33

.001

28.47

2.75

.007

-

R2 = 21.7
SOURCE
regression

DF

SS

MS

2

563682

281841

error

114

2032994

17833

total

116

2596676

_P_
15.80

.000

Table 3.4. Results of regression analysis of 1988 data for
A. Density of megalopae and B. Nightly mean number of
megalopae. E-W = east-west wind stress; TIDE RANGE =
observed daily mean tidal range at Gloucester Point.

TABLE 3.5

A. Regression Analysis for density of megalopae.
MEG. DENSITY = 4.20 + 245 NS - 890 EW
PREDICTOR

COEF

ST. DEV.

T-RATIO

P

constant

4.20

0.89

4.73

.000

n-s wind

245.3

105.6

2.32

.022

-890.38

91.83

-9.70

.000

e-w

wind

R2 = 47.8%
SOURCE

DF

SS

MS

p

2

9352.3

4676.2

error

115

10208.9

88.8

total

117

19561.2

regression

52.68

.000

B. Regression Analysis for mean number of megalopae.
MN MEGALOPAE = 40.1 + 2967 NS - 9304 EW
ST. DEV.

PREDICTOR

COEF

constant

40.10

7.73

5.19

.000

n-s wind

2967.1

920.5

3.22

.002

-9304.2

800.4

-11.62

.000

e-w

wind

T-RATIO

_p_

R2 = 56.2%
SOURCE

DF

SS

MS

2

994818

497409

error

115

775597

6744

total

117

1770414

regression

P
73.75

.000

Table 3.5. Results of regression analysis of 1989 data for
A. Density of megalopae and B. Nightly mean number of
megalopae. N-S = north-south wind stress (positive to
north)? E-W = east-west wind stress (positive to east).

TABLE 3.6

A. Analysis of Covariance for Density of Megalopae.
SOURCE

DP

MS

F

P

Covariates

6

4105.4

28.42

.000

Year

2

11.2

0.08

.925

Error

325

144.5

Total

333
t-VALUE

P

COVARIATES

COEF

NS wind

139.4

53.05

2.63

.009

EW wind

-872.3

79.72

-10.94

.000

Tide Range

4.4

1.48

2.98

.003

Temperature

0.1

0.15

0.49

.622

Salinity

0.9

0.75

1.23

.221

-0.7

0.59

-1.22

.223

Volume

ST. DEV.

B. Analysis of Covariancei for Daily Mean Number of
Megalopae.
SOURCE

DF

MS

F

P

Covariates

6

556069

38.22

.000

Year

2

115

0.01

.992

Error

325

14547

Total

333
t-VALUE

P

COVARIATES

COEF

ST. DEV.

NS wind

1496

532.35

2.81

.005

EW wind

-9987

800.00

-12.48

.000

Tide Range

64

14.88

4.32

.000

Temperature

-1

1.54

-0.34

.736

Salinity

11

7.54

1.51

.132

Volume

-8

5.95

-1.34

.183

Table 3.6. Analysis of Covariance Table for A. Density of
Megalopae and B. Daily Mean Number of Megalopae.

water temperature, salinity and residual subtidal volume
were not correlated with abundance (P>.05).

DISCUSSION
The postlarva of the blue crab, as with decapod
crustaceans in general, is a transitional stage transitional in morphology and behavior between larval and
juvenile stages.

More important in the context of this

study is that the megalopa is the link between the coastal
planktonic habitat of larvae and the estuarine benthic
habitat of juveniles and adults.

Thus, repopulation of

estuarine habitats is dependent on the immigration of
megalopae from coastal waters.
The abundance of blue crab megalopae in the York River
was highly episodic during the three years of this study - a
pattern similar to settlement of blue crab megalopae on
artificial settlement substrates in the York River (van
Montfrans et al., 1990).

Periods of high abundance, here

called events, were usually clearly defined temporally,
although during the six week period of intense immigration
in 1988, individual events were not as distinct.

These

brief events contributed greatly to the total number of
megalopae collected during each of the three years.

Maximum

density of megalopae recorded during each of the three years
was similar, suggesting that the two-fold difference in
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total number collected among years results from differences
in the number of high abundance events.
Variability in the supply of larvae (or postlarvae) to
a site may have dramatic effects on the population
demographics of a wide range of species (Sale, 1980;
Yoshioka, 1982; Gaines & Roughgarden, 1985; Victor, 1986).
I suggest that the timing, magnitude, and frequency of
megalopal immigration events in the York River have a major
influence on blue crab demographics in the estuary.

Tidal range
Abundance of megalopae in nightly plankton samples in
the York River was significantly related to observed tidal
range at Gloucester Point during 1987 and 1988, lagged 0 and
3 d, respectively, after maximum tidal range.

Megalopal

abundance and tidal range were not correlated in 1989.

Of

the various transport mechanisms identified earlier, tidal
transport and internal wave transport across the shelf,
could result in the observed pattern.

In both cases, the

strength of the transport mechanism is related to the
amplitude of the tidal wave.
Tidal excursion is greater during spring than neap
tides.

If megalopae are utilizing tidal transport for entry

into Chesapeake Bay as well as upstream transport within the
Bay (Chapt. 2), spring tides provide greater opportunity for
megalopae to transit the Bay mouth and more rapid movement
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within the Bay.

Greater estuarine outflow and associated

turbulence at the Bay mouth during spring tides may also
play a role in the behavioral transition of megalopae from
surface dwelling to vertically migrating (Boehlert & Mundy,
1988).
The magnitude of internal waves generated from
interaction of the tidal wave with the shelf break varies
with amplitude of the tidal wave (Shanks, 1983).

Because

surface slicks over internal waves vary in intensity with
magnitude of the internal wave, the capability of these
slicks to transport organisms shoreward is related to tidal
amplitude.

Thus, a pattern of greater shoreward transport

during spring than neap tides is expected (Shanks, 1983,
1985).

While Shanks (1988) has shown that portunid

megalopae may be more concentrated in front of slicks than
behind them off North Carolina, there is little evidence
that internal wave-induced surface slicks would be an
effective transport mechanism over the broad shelf of the
mid-Atlantic Bight, especially during autumn when wind
energy in the region intensifies.

The results of this study

indicate a significant relationship between megalopal
abundance and tidal range; tidal transport, transport in
surface slicks or both mechanisms in combination could
produce the observed pattern.
van Montfrans et al. (1990) observed that settlement of
blue crab megalopae on artificial settlement substrates in
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the York River was significantly greater during the full
moon phase (lunar days 15-22) than during other lunar
phases.

They attributed higher settlement during full moon

to behaviorally-mediated synchronous settlement.

The

relationship between abundance of larvae/postlarvae in the
plankton and settlement is clearly mediated by settlement
behavior in a number of species (Butman, 1987? Lipcius et
al. 1990; Bertness et al., 1992).

The present study

indicates that much of the variability in abundance of
megalopae in the York River is related to transport
phenomena.

Thus, variability in settlement of megalopae in

the York River likely reflects variability in abundance
(transport processes) and settlement behavior.

Wind stress and subtidal volume
Abundance of megalopae in nightly plankton samples in
the York River was significantly related to wind stress.
is important to note the time scales involved in
relationships between abundance of megalopae and wind
stresses because of different processes (e.g., direct
forcing of surface waters, subtidal volume flux) that may
influence transport.

At frequencies less than tidal,

changes in Chesapeake Bay sea level (subtidal volume)
principally result from meteorologically-induced transport
of water into or out of the Bay(Wang & Elliott 1978, Wang
1979, Goodrich 1988).

On time scales of less than four
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It

days, sea levels in the Bay are influenced by local northsouth winds.

The major barotropic transport between

Chesapeake Bay and the coastal ocean occurs at time scales
of 4-10 d; this coupled exchange is driven by east-west
winds.

At time scales >10 d north-south winds again are

important in forcing exchange because of Eckman transport
and coastal set-up or set-down (Wang 1979).

Exchange due to

total runoff to Chesapeake Bay is usually negligible
compared to tidal and wind-driven exchange (Wang 1979,
Goodrich 1989).
Megalopal abundance in York River plankton samples was
highly correlated with E-W wind stress in all three years of
this study; winds blowing to the west were associated with
high abundance and winds to the east with low abundance.
Because of the neustonic distribution of megalopae in
coastal waters (Smyth, 1980; Johnson, 1982; McConaugha et
al. 1983), winds blowing to the west would transport
megalopae toward the coast (cross-shelf transport).
Megalopal abundance and east-west wind stress were
significantly correlated over 7-10 d periods encompassing
the date of collection, indicating protracted immigration of
megalopae into Chesapeake Bay and the York River during
periods of winds to the west.

This suggests transport of

megalopae from offshore, where surveys have found high
concentrations of megalopae (Smyth, 1980; Johnson, 1982,
1985; McConaugha et al., 1983).
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In numerical simulations of

transport of blue crab larvae spawned in Chesapeake Bay,
Johnson and Hess (1990) observed that wind forcing
frequently caused the return of larvae to Chesapeake Bay
from distances in excess of 60 km.
At time scales of 4-10 d, winds to the west also cause
coastal set-up and a flux of water into Chesapeake Bay
(Wang, 1979).

Consistent with this premise, subtidal volume

was correlated with E-W wind stress lagged 0-1 d.

Although

an association between megalopal density and subtidal volume
in 1989 was indicated in cross-correlation analysis,
subtidal volume was not significant in multiple regression
analyses that accounted for the effects of wind stress.
Thus, while an association between megalopal abundance and
subtidal volume is likely (Goodrich et al. 1989; Little and
Epifanio, 1991), this association may result from the
dependence of each on wind forcing.
From the Bay mouth or lower Bay, megalopae can continue
immigration via tidal transport (Chapt. 2).

If megalopae in

lower Chesapeake Bay migrate to the surface during night
flood tides (Chapt. 2), winds to the west would promote
transport of these individuals to the western shore
tributaries of Chesapeake Bay.

Thus, from the perspective

of the York River sampling location, winds to the west may
provide a mechanism for cross-shelf transport of megalopae
to the Bay mouth, advection into the Bay at the surface via
nontidal exchange, and for those megalopae that reach the
122

lower Bay, increased likelihood of reaching the York River
mouth.
North-south wind stress was significantly correlated
with density of megalopae only in 1989.

Cross-correlation

analyses indicated a significant negative relationship over
three days encompassing the date of collection (winds to the
north were associated with low abundance and winds to the
south were associated with high abundance).

However, E-W

wind stress and N-S wind stress were positively correlated;
when the effect of E-W wind stress was controlled in
multiple regression analysis, a significant positive
relationship was detected between megalopal abundance and NS wind stress.

At time scales of 0-3 d, the effect of N-S

wind stress on megalopal abundance may have been via
subtidal volume flux - abundance and subtidal volume were
positively associated in 1989 - though subtidal volume was
not a significant factor in the regression analysis.
Goodrich et al. (1989) presented a statistical
association between settlement of blue crab megalopae on
artificial settlement substrates in the York River and
positive subtidal volume in Chesapeake Bay.

While subtidal

volume responds to N-S and E-W wind forcing, the present
study indicates that strong peaks in abundance of megalopae
are primarily related to wind stress to the west.

Positive

subtidal volume also results from wind stress to the west,
but fluctuations in subtidal volume related to N-S wind
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stress or non-local forcing are not strongly associated with
immigration of megalopae.

Thus, subtidal volume itself was

not a significant factor describing megalopal abundance.
Subtidal volume flux can be an important transport mechanism
only when megalopae are within the exchange prism near the
Bay mouth; winds blowing toward the coast increase the
supply of megalopae in the nearshore zone and drive nontidal
flow into Chesapeake Bay.
Little and Epifanio (1991) collected planktonic blue
crab megalopae in a subestuary on the south side of Delaware
Bay.

They suggested that peaks in abundance of megalopae

were associated with coastal set-up and subtidal volume flux
into Delaware Bay, a result of Eckman transport driven by
winds to the south.

From the data presented, however, the

increase in megalopal abundance follows within a few hours
of winds shifting to the south; this is not sufficient time
to develop Eckman transport on the shelf.

An alternative

explanation is that increases in local sea level and
abundance of megalopae resulted from wind-forcing in
Delaware Bay.

Winds to the south would drive surface water

toward the southern shore, increasing local sea level and
abundance of megalopae, assuming megalopae were at the
surface (at night) in Delaware Bay.

In the present study,

high abundance of megalopae was not associated with periods
of strong winds to the south and coastal set-up (see Figs.
3.7-3.9).
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Temperature and salinity
Megalopal abundance was generally related to water
temperature in that immigration of megalopae was greater
during the warmer months than the cooler months of the
study.

Short-term variability in megalopal abundance,

however, was not related to fluctuations in water
temperature.
Although salinity varied less than 5 psu during any
year of sampling, megalopal abundance was positively
correlated with salinity in 1987 and 1988.

I attribute this

association to the combined effects of tidal range and wind
stress on both megalopal abundance and salinity.

When the

effects of wind stress and tidal range were held constant in
multiple regression analyses, megalopal abundance and
salinity were not significantly related.

Other variability
Together, the factors E-W wind stress and Tidal Range
(1987 and 1988) and E-W and N-S wind stresses (1989)
explained 15-48% of the variation in density of megalopae
and 21-56% of the variation in mean number of megalopae
collected in the York River plankton.

I suggest, without

proof, two sources for much of the remaining variability.
Data presented here were derived from a single paired sample
collected each night during maximum flood tide.

While this

procedure eliminates variability in megalopal abundance
125

related to light and tidal stage (Chapt.2), megalopal
abundance sampled at the fixed station varies over time
during the night flood tide.

Over seven night flood tide

periods the coefficient of variation for megalopal density
ranged from 29 to 107%, with a mean of 58% for the seven
periods (App. 3).

Density of megalopae in the maximum flood

sample (equal to the nightly series) always was within one
standard deviation of the mean density for that night flood
tide.

Thus, one paired sample collected during maximum

flood current is a reasonable, but not exact, estimate of
average abundance of megalopae in surface waters during the
flood.
The second likely source of unexplained variability is
related to spawning activity and the transport of zoeae and
megalopae on the shelf.

Maintenance of a larval pool on the

shelf is requisite for subsequent immigration, and may
relate to interannual variability in recruitment and yearclass strength (Johnson et al., 1984; Sulkin & Epifanio,
1986).

Variability in this larval pool (timing, abundance

and location) would effect the relationship between
transport mechanisms and influx of megalopae.

Transport model
Boehlert and Mundy (1988) hypothesized that transport
of larval fishes into North Carolina estuaries was a twopart processes.

First, offshore-spawned larvae are advected
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to the nearshore zone via wind-driven cross-shelf transport.
Second, larvae accumulate near inlets and are transported
through them by tidal currents.

They noted that larval

behavior must change to utilize these different physical
processes.
Zoeae and megalopae of the blue crab reside in surface
waters of the shelf where they are subject to wind-driven
transport.

The potential importance of winds from the south

maintaining a larval pool in the vicinity of the estuary of
origin has been recognized for the mid-Atlantic Bight
(Boicourt, 1982; Johnson et al., 1984; Sulkin & Epifanio,
1986; Epifanio, 1988; McConaugha, 1988; Epifanio et al..
1989).

This retention mechanism, however, does not account

for entry into estuaries (D. R. Johnson, 1985).
The behavior of blue crab megalopae changes from an
offshore surface orientation to tidally-related vertical
migration within the estuaries.

The location of and cues

for this transition have not been identified for blue crab
megalopae, but likely are related to increased tidal
influence and outflow of estuarine waters near inlets
(Boehlert & Mundy, 1988).

Once in the vicinity of inlets,

megalopae may begin vertical migration to ingress the
estuary.

Spring tides would enhance this transport.

Higher

abundance of megalopae associated with spring tides in this
study suggests that at least some megalopae regularly reach
the vicinity of the Bay mouth.
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Simulations of larval drift

also indicate surface oriented larvae may return to the Bay
mouth in the absence of wind-forcing (Johnson & Hess, 1990) Peak concentrations of megalopae, however, have been
observed 30-60 km offshore of Chesapeake Bay (Smyth, 1980;
D. F. Johnson, 1982, 1985? McConaugha et al., 1983).

Even

if megalopae descended to the bottom or vertically migrated,
tidal currents and residual circulation at these locations
would be extremely slow, if effective at all, transporting
megalopae toward the inlet (Johnson & Hess, 1990) •

The

ability of internal wave-induced surface slicks to
accomplish this transport is questionable.

Instead, I argue

that wind-forcing of surface waters to the west plays an
important role in transporting large numbers of megalopae
from locations on the shelf to the vicinity of inlets, as
suggested by D.F. Johnson (1982, 1985) .

Additionally, winds

blowing to the west will force an inflow of coastal water
into Chesapeake Bay; waters that contain megalopae advected
from offshore.
The results of this study indicate that tidal range and
wind forcing are both important factors in explaining
fluctuations in abundance of megalopae in York River
plankton samples.

Immigration (at low to moderate levels)

occurs fairly regularly in association with spring tides.
Superimposed on this fortnightly pattern of elevated
abundance are occasions of very high abundance associated
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with winds blowing to the west and related subtidal volume
flux into Chesapeake Bay.

Conclusions
Blue crab abundance in Chesapeake Bay exhibits
considerable interannual variability.

Much of this

variability may be attributed to recruitment - the
repopulation of adult habitat by new individuals.

This

study indicates that much of the variability in abundance of
megalopae immigrating the York River is attributable to two
processes affecting their transport - tidal range and wind
stress.

These two processes require different behavior by

the megalopae? the location of and stimuli for this
transition in behavior has yet to be identified.
Tidally-timed vertical migration enables megalopae to
transit the Bay mouth and continue moving up the estuary.
This transport is enhanced during spring tides, resulting in
a pattern of elevated abundance of megalopae associated with
maximum tidal range.
The number of megalopae reaching the Bay mouth is
related to winds transporting the "larval pool" in coastal
waters.

Winds blowing to the west appear important for

moving the larval pool toward the coast and are associated
with peaks of megalopal abundance in the York River.

These

brief periods of intense immigration of megalopae into the
York River likely have a dramatic influence on blue crab
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demographics.

In the absence of winds to the west, fewer

megalopae reach the vicinity of the Bay mouth.
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CHAPTER FOUR

PLANKTONIC ABUNDANCE AND SETTLEMENT
OF BLUE CRAB MEGALOPAE:
SCALES OF VARIABILITY

INTRODUCTION
Population levels and distributions of marine species
with planktonic larvae are determined in part by recruitment
dynamics, including those processes that affect the
transport and survival of pelagic and settlement stages.
Relationships between settlement and subsequent population
size have been demonstrated for tropical reef fishes (Sale,
1980; Sale et al., 1984; Victor, 1986; Doherty, 1987) and
sessile invertebrates (Keough, 1984; Connell, 1985; Gaines
et al., 1985; Sutherland, 1987; Judge et al., 1988; Bertness
et al., 1992).

The structure of intertidal communities

reflects a composite of density dependent and independent
factors that determine the supply rate of potential settlers
to a location and post-settlement mortality (Connell, 1985;
Roughgarden et al., 1988).

Definition of the spatial and

temporal scales at which significant recruitment variability
occurs is critical to an understanding of the demography and
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dynamics of marine populations (Judge et al., 1988;
Roughgarden et al., 1988).
In Chesapeake Bay, young juvenile blue crabs,
Callinectes saoidus Rathbun (Decapoda: Portunidae), are not
distributed evenly over available habitat, but are
concentrated in certain areas, particularly seagrass beds
(Heck & Orth, 1980; Penry, 1982; Heck & Thoman, 1984; Orth &
van Montfrans, 1987).

Such uneven distribution may result

from (1) differential settlement of immigrating postlarvae
because of hydrography (i. e., supply rate) or habitat
selection, (2) differential mortality of settled megalopae
and juveniles, and (3) migration among habitats by young
juveniles.
Considering the early life history of blue crab,
substantial recruitment variability is not unexpected.
Timing of larval release (Provenzano et al., 1983; Salmon et
al.. 1986) and behavior of stage I zoeae (Sulkin et al..
1980) promote larval advection from the estuary, followed by
larval development (seven or eight zoea and one megalopa) in
continental shelf waters (Nichols & Keney, 1963; Dudley &
Judy, 1971; Smyth, 1980; Johnson, 1982, 1985; McConaugha et
al., 1983; Epifanio et al., 1984).

Megalopae or early

juveniles reinvade estuaries via wind-driven surface
currents, residual inflowing bottom waters, tidally-related
vertical migrations, or wind-driven water mass exchange
(reviewed in Chapt. 1).

Some investigators (Sandifer, 1972,
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1973, 1975; Goy, 1976; Johnson, 1982, 1985) collected
relatively few blue crab megalopae in Chesapeake Bay,
leading Johnson (1982, 1985) to doubt the importance of
reinvasion by megalopae.

Williams (1971), however, noted

that significant numbers of megalopae moved toward the upper
reaches of North Carolina estuaries, and other investigators
concluded that colonization of shallow water habitats was
primarily by the megalopal stage (Meredith, 1982; Olmi,
1986; Mense & Wenner, 1989).

At a site in the York River,

Virginia (-50 km from the Chesapeake Bay mouth) blue crab
megalopae have been collected regularly during late summer
and fall in the plankton (Chapt. 2) and on artificial
settlement substrates (van Montfrans et al., 1990).

Thus,

the megalopal stage is likely the major reinvasive stage to
the lower Chesapeake Bay and its tributaries.

Low catch

rates in previous studies may have resulted from sampling at
times when blue crab megalopae were not abundant in the
water column.
In offshore waters blue crab megalopae are concentrated
near the surface (Smyth, 1980; Johnson, 1982, 1985; Maris,
1986), but within estuaries their vertical position varies
(Sandifer, 1975; Johnson, 1982; Epifanio et al., 1984;
Maris, 1986) due in part to diel (Maris, 1986; Mense &
Wenner, 1989; Chapt. 2 of this study) or tidal (Epifanio et
al., 1984; Chapt. 2 of this study) vertical migrations.
Peak abundance of megalopae occurs during nighttime flood
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tides (Meredith, 1982; Epifanio et al., 1984; Olmi, 1986;
Chapt. 2 of this study) suggesting that both tidal and diel
influences are important.
The magnitude of megalopal variability and its temporal
and spatial scales in the estuary are poorly defined.
Further, little is known of the relationship between
megalopal abundance and settlement.

This study examines

variation in (1) abundance of blue crab megalopae in the
plankton,

(2) settlement of megalopae on artificial

substrates and in natural seagrass beds, and (3) abundance
of juveniles in seagrass beds on scales of meters, hundreds
of meters, and kilometers.

Also, I relate patterns of

abundance of planktonic megalopae (potential settlers) to
patterns of settlement on natural and artificial substrates.

METHODS
Study areas
We sampled blue crab megalopae and juveniles in the
lower York River, Virginia (lower Chesapeake Bay) on 8-9
September, 6-7 October and 9-10 October, 1987 (each two-day
period is considered one sampling date).

Sampling was

conducted within three days of full moon, when settlement is
normally highest (van Montfrans et al., 1990).

Two sites

within either of two areas near the river mouth (Area B or
C) and two sites at an upriver area (Area A) were sampled on
each date (Fig. 4.1).

Area A, located approximately 12 km
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FIGURE 4.1

m

5 km.

Figure 4.1. Map of the lower York River, Virginia showing
sampling stations for blue crab megalopae and juveniles.
Stations A and B were sampled 9-10 September and stations A
and C were sampled 6-7 and 8-9 October, 1987.

from the York River mouth, was sampled on all three dates.
Area B, located in Mobjack Bay 4 km north of the mouth of
the York River and the site of previous investigations of
blue crab habitat utilization (Orth & van Montfrans, 1987),
was sampled on 9-10 September.

Area C, located in the York

River about 5 km from the mouth (Fig. 4.1), was sampled on
6-7 and 8-9 October.

Sites within each area were 200-400 m

apart, and each contained shallow (<2 m) seagrass beds
(Zostera marina with Ruppia maritima), which serve as
settlement and nursery habitats for postlarval and juvenile
blue crabs (Orth & van Montfrans, 1987).

Collections
On each sampling date, three collection methods were
used: plankton nets, artificial settlement substrates
(collectors), and benthic suction samples from seagrass
beds.

Paired plankton nets 1 m apart were deployed at each

site for twenty minutes during mid-flood tide at night.
Each net (0.75 mm mesh) filtered an area 50 cm wide from the
surface to a depth of 80 cm.

One net of each pair was

equipped with a flowmeter (General Oceanics model 2030).
Nets were fished passively except on three occasions
(9 September, sites B-l and B-2; 9 October, site C-l) when
they were pushed at idle speed by boat during part of the
sampling period because currents were weak.

Water volumes

filtered per sample varied from 34.5 to 161.8 m3. Plankton
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samples were collected sequentially at sites within an area,
but concurrently among areas.

Plankton samples were

preserved in diluted (5-10%) formalin, and blue crab
megalopae and juveniles were sorted and identified in the
laboratory.

Collections were standardized as number of

megalopae per 10 m3 of water filtered, with the reported
density for each site representing the mean for the paired
net samples.
Artificial substrates have been used successfully to
study patterns of settlement of several decapod crustaceans
(Phillips, 1972; Shanks, 1983; Beninger et al., 1986; van
Montfrans et al., 1990).

Four collectors, synthetic fiber

air-conditioning filters (47 x 39 x 1 cm), were spaced 2-3 m
apart at each site, and deployed during early flood tide in
the evening, remaining submersed 15 cm below the surface for
12-14 hours.

Collectors were suspended from floats and

weighted to maintain vertical position in the water column.
Each was retrieved by dip net, and blue crab megalopae and
juveniles were recovered by rinsing with fresh water through
a 1-mm sieve.

On 6-7 and 8-9 October, a flowmeter (General

Oceanics model 2030) was deployed with collectors at each
site to estimate water movement past collectors.
The day following deployment of collectors and plankton
nets, surviving recruits were quantified in grassbeds at
each site.

A plastic cylinder with mouth opening of

0.055 m2 was pushed into the sediment and the contents of
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the cylinder, including the upper few cm of the sediment,
were suctioned for 30 sec with a venturi-type suction
sampler (Orth & van Montfrans, 1987).

Cloth mesh (0.5 mm)

covered the top of the cylinder and prevented escape.
Suction sampling was shown to be 88% efficient in collecting
juvenile blue crabs from grassbeds (Orth & van Montfrans,
1987).

Four cylinder collections within a 2-m radius were

combined to form one of three replicate samples in each
site.

Megalopae and juveniles were sorted live from suction

samples, and their abundances were standardized as number of
individuals per m2.

Megalopae collected from substrata

(artificial substrates or grass beds) were considered to be
the result of settlement.

Statistical analyses
Megalopal abundance in each habitat (i.e., density
(ind/10 m3) in the plankton, number of individuals on
collectors, and density (ind/m2) in grass beds) was analyzed
(ANOVA; SPSS,1986) separately for September and October
because sampling areas were not consistent over the two
months.
samples.

Juvenile abundance was analyzed only for grass bed
The data for 9 September (Areas A and B) were

analyzed with a two-factor nested design (Site within Area).
Data from 7 and 9 October were analyzed in a three-factor
nested design with Date and Area as main factors and Site
nested within Area.

When interaction terms were
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significant, one-way analyses of main factors (each of Areas
A and C by Date and each Date by Area) were conducted with
an experiment-wise error rate of 0.05 (Underwood, 1981).
Abundance data were log-transformed as necessary to
eliminate heterogeneity of variance.

Multiple comparisons

were conducted with Student-Newman-Keuls tests.

RESULTS
Plankton
Mean megalopal densities in the plankton varied from
0.4 to 57.9 per 10 m3, and variability between paired nets
(i.e., within each site) was generally low (Fig. 4.2,A) (CV:
average 28%, range 2-71%).

Mean megalopal densities were

greater upriver (Area A) than at areas near the York River
mouth (Areas B and C), but the significance of Site within
Area varied among dates.

On 10 September, when planktonic

densities were highest, abundance differed significantly
among all sites (Table 4.1, Fig. 4.2,A).
There was a significant Date x Site within Area
interaction on 7 and 9 October (Table 4.1).

On 7 October,

megalopal densities were greater at Area A than Area C, and
variability within areas was not significant.

On 9 October,

however, densities differed significantly between sites at
Area A (Table 4.1).

Megalopal densities were similar

between lower river sites on both dates.
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Figure 4.2 Mean abundance of C. sapidus megalopae and juveniles by
site and date. Sites A-l. A-2, B-l and B-2 were sampled 10 September
and sites A-l, A-2, C-l and C-2 were sampled 7 and 9 October. Error
bars represent + and - one standard deviation.
A. Mean density (ind/lOm^) of megalopae from paired plankton
collections.
B. Mean number of megalopae per artificial collector.
C. Mean density (ind/m^) of megalopae from grass beds (no estimate of
SD from 7 October or 9 October).
D. Mean density (ind/m^) of first-stage juveniles from grassbeds.
E. Mean density (ind/m^) of all juveniles from grass beds.
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At both upriver sites, megalopal densities were
significantly greater on 10 September than on either
sampling date in October (Table 4.2).

Between 7 and 9

October, densities decreased significantly at one upriver
site (A-l) and increased significantly at one lower river
site (C-l), resulting in a significant date by site
interaction (Tables 4.1 and 4.2, Fig. 4.2,A).
Juvenile C. sapidus (predominately first and second
stage crabs) were too infrequent in plankton samples (<
0.5/10 m3 or < 5/collection) to warrant statistical analysis
of their abundance.

Collectors
The mean number of megalopae per collector ranged from
0 to 20, with moderate variability among collectors at a
site (CV: average 83%, range 23-200%) (Fig. 4.2,B).
Abundance did not differ by Area, but Site within Area was
significant on all dates, generally because of greater
numbers of megalopae at site A-l (Table 4.1).

At the lower

river area, sites differed only on 7 October.

At all sites,

megalopae were more abundant on collectors on 7 October than
other dates (Table 4.2).
Abundance of megalopae on collectors was not correlated
with abundance in the plankton (r = -0.02, p > 0.50) (see
Figs. 4.2,A and 4.2,B).

Settlement on collectors was low on
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10 September when planktonic abundance was high, but on 7
October when settlement was greatest, megalopae were not
abundant in plankton samples.
Twenty-one juvenile C. sapidus were found on artificial
collectors on 10 September (Areas A and B).
(12) were first-stage crabs.

Of these, 60%

Although no megalopae were

collected at site A-2 on this date, 7 of 11 juveniles
collected there were first-stage crabs.

Juveniles were not

quantified in subsequent samples from these substrates.

Grass beds
Highest densities of megalopae and first stage
juveniles (11.5 and 26.4/m2, respectively) were collected in
grassbeds at site A-2 on 10 September, but Area and Site
within Area were not significant because within site
variability was high (CV: average 152%, range 108% - 175%)
(Table 4.1, Fig. 4.2,C and 4.2,D).

Megalopae were generally

less abundant in October (Fig. 4.2,C), but variance
estimates are available only for collections at site A-l.
Only one first stage crab was collected in grassbeds in
October (Fig. 4.2,D).

Abundance of megalopae in grassbeds

was positively correlated with megalopal abundance in the
plankton (r = 0.71, p < 0.05), but not with abundance on
collectors (r = -0.32, p > 0.20) (see Fig. 4.2,A,B,C).
Total densities of juvenile blue crab (including first
stage crabs) in grassbeds ranged from 8.20 to 57.4/m2 and
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did not differ significantly by Date, Area or Site (Tables
4.1 and 4.2, Fig. 4.2,E).

First stage crabs constituted

approximately 30% of the juveniles collected on 10
September, but were virtually absent in later collections.
Total juvenile abundance in grassbeds exhibited less within
site variability (CV: average 61%, range 21-125%) than
first-stage crabs (CV: average 107%, range 20-173%) or
megalopae.

These juveniles were probably all from the 1987

spawning season (largest, 51.4 mm carapace width) and their
mean widths varied from 6.6 to 15.6 mm (Table 4.3).

DISCUSSION
Judge et al. (1988) commented: “It would be comforting
if most of the variation in the recruitment of benthic
populations could be ascribed to particular temporal or
spatial scales.

This would both help identify the principal

physical mechanisms controlling larval supply and simplify
attempts to explicitly model the population dynamics in
space and time."

In this paper I report on spatial

variability in recruitment of blue crab and the
relationships between abundance of megalopae in the plankton
and abundance of megalopae and juveniles on settlement
substrates.
Settlement refers to the termination of a pelagic
larval (or postlarval) existence and assumption of a benthic
life (Scheltema, 1974), usually associated with
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metamorphosis.

If post-settlement survival of non-motile

organisms is independent of the density of settlers, then
abundance of recruits will be correlated with settlement
intensity (Connell, 1985; Sutherland, 1987).

Recruitment

dynamics of motile organisms are complicated by migration of
post-settlement individuals.

Certainly some benthic

organisms return to the water column after settlement
(Butman, 1987), and relocation of fishes may play an
important role in structuring coral reef communities
(Robertson, 1988).

Settlement of benthic decapod

crustaceans occurs when the postlarva becomes associated
with a substratum prior to metamorphosis.

Although

megalopae collected from natural or artificial substrates
were assumed to have settled, this association could have
been temporary.

Indeed, megalopae likely descend to and

rise from the bottom to avoid ebb currents (Meredith, 1982;
Epifanio et al., 1984; Olmi, 1986; Chapt. 2 of this study)
and search for suitable settlement sites.

Thus, measures of

settlement incorporate temporary and permanent settlement.

Spatial variability
Heterogeneous distributions of larval and postlarval
decapod crustaceans in the plankton have been observed in
several species (Chace & Barnish, 1975; Rice & Christianson,
1982; Booth et al., 1985; Shanks, 1985; Epifanio, 1987),
including the blue crab (Johnson, 1982; Provenzano et al..
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1983; Maris, 1986), but rarely have the limits of these
distributions (i.e., patch size) been quantified.

Booth et

al. (1985) estimated patch size of Cancer maqister megalopae
at 2-4 km.

Ichthyoplankton in Biscayne Bay, Florida was

often randomly or uniformly distributed, but occasionally
patches existed at scales of 10-1000 m (Houde and Lovdal,
1985).
Flanktonic blue crab megalopae in the York River were
fairly homogeneous at spatial scales of 1-2 m.

Differences

in abundance between sites (hundreds of meters) and between
areas (kilometers) were not consistent over time, and
greatest differences among sites occurred when densities
were highest.

Inconsistent spatial patterns likely reflect

variability in the system but may have resulted from low
abundance of megalopae in October plankton collections or
low sample sizes.

Mense & Wenner (1989) examined abundance

of blue crab megalopae along a salinity gradient in South
Carolina and observed decreasing abundance from the
polyhaline (75% of total), to mesohaline (23%) to
oligohaline (2%) zones.
Settlement of megalopae on artificial and natural
substrates exhibited greater local (1-3 meters)
heterogeneity than was observed in the plankton.

Despite

the within-site variability, mean number of megalopae per
collector was greater at Site A-l than other sites on all
dates, suggesting greater supply of megalopae to that site.
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Settlement of blue crab megalopae on collectors was greater
in the lower 12 km of the York River than at up-river
stations (P. w. Sadler, J. van Montfrans and R. J. Orth,
unpublished data).

The present study was confined to the

lower 12 km of the York River, and settlement did not differ
between areas (several km).
High within-site variability of megalopae in grassbeds
may have resulted from post-settlement microhabitat
selection (Bell & Westoby, 1986) or mortality.

Densities of

megalopae in seagrass were generally higher at Site A-2 than
A-l, in contrast to patterns observed in the plankton and on
collectors.

One possible explanation for lower densities of

megalopae in seagrass at Site A-l is a filtering effect of
grassbeds immediately in the path of the flood current
reaching that site.

Gaines et al. (1985) observed that

settlement intensity of barnacles decreased with distance
away from the delivery source —

fewer cyprids remained in

the water column to settle at the "down-current" sites.
Although megalopal abundance differed significantly
across the spatial scales examined, the magnitude of these
difference (< 20 x) was considerably less than has been
observed in barnacle settlement (up to several orders of
magnitude)

(Caffey, 1985; Connell, 1985; Gaines et al..

1985; Judge et al., 1988)
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Temporal variability
Temporal variability in settlement is related to
spawning patterns of adults, transport processes and the
physiology and behavior of potential recruits.

Settlement

of intertidal barnacles may show considerable daily
variability at a single site (Wethey, 1984; Shanks, 1986),
and over time the relative importance of settlement sites
varies (Caffey, 1985; Connell, 1985; Gaines et al. 1985;
Sutherland, 1987; Judge et al., 1988).

Abundance of blue

crab megalopae in the York River differed significantly
among sampling dates (i.e., over periods of two days and
also over one month), but temporal changes were not
consistent among habitats (plankton, collectors or seagrass)
or among sites for a given habitat.

Although this study was

not designed to examine temporal scales of recruitment in
detail, it is important that spatial patterns of abundance
changed significantly over two days.

Thus, frequent

sampling is necessary to detect temporal patterns in the
immigration and settlement of blue crab megalopae.
Daily sampling of plankton (Chapter 3) and artificial
substrates (van Montfrans et al., 1990) in the York River
indicates that planktonic densities and settlement may vary
greatly from one day to the next.

Settlement appears to be

episodic (van Montfrans et al., 1990).

Orth & van Montfrans

(1987) observed discrete peaks of abundance of early
juveniles (<4.25 mm carapace width) in seagrass beds and
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attributed this variability to pulsed settlement of
megalopae.

Similarly, Doherty (1987) found that the major

portion of a year class of damselfish on patch-reefs
resulted from occasional, brief periods of intense
settlement.

Planktonic availability vs. settlement
Several studies have shown a relationship between the
abundance of pre-settlement individuals in the water column
and settlement (Wethey, 1984; Gaines et al, 1985; Victor,
1986; Bertness et al., 1992), and Grosberg (1982) observed
that the vertical zonation of barnacles paralleled the
distribution of their cyprids in the water column.
In the present study, density of megalopae in the
plankton was positively correlated with settlement in grass
beds, but not on artificial collectors.

Although the

average density of megalopae during a nighttime flood tide
may be approximated by a single collection during maximum
flood at night (Append. 3), a single plankton sample may not
reflect accurately the numbers of megalopae contacting
grassbeds and collectors over longer periods (> 12 hrs).
The correlation observed between plankton and grass bed
collections was encouraging, and although settlement on
collectors was not correlated with planktonic abundance,
both are highly variable (van Montfrans et al., 1990; Chapt.
3) and a single day may not represent general patterns.
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For

instance, Figure 4.3 illustrates that settlement at Site A-l
on 10 September and 7 October represented low and high
peaks, respectively, within periods of generally high (10
September) and low (7 October) settlement.

Thus, average

settlement on collectors generally corresponded with
abundance in the plankton, but settlement on the days of
this study did not, emphasizing the need for frequent
sampling in a highly variable system.
Megalopae on collectors were found to be in a
developmental state intermediate between those of planktonic
megalopae and megalopae in grass beds (Lipcius et al.,
1990).

Settlement on collectors may be a useful index of

natural settlement; the lack of correlation between the two
probably resulted from low sample size.

The use of

postlarval collectors to predict commercial stocks of the
western rock lobster (Panulirus lonoipes) (Phillips, 1972)
and in ecological studies of other species including blue
crab (Shanks, 1983, Beninger et al., 1986? van Montfrans et
al.f 1990) attests to their utility.
Density is typically used as a measure of planktonic
abundance because it allows comparison among samples
collected in different flow regimes (i.e., current or tow
speeds).

My objective was to examine spatial variability in

abundance of immigrating and settling megalopae so I
followed convention and used density as the measure of
planktonic abundance.

Delivery rate of potential settlers
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FIGURE 4.3
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Figure 4.3. Daily settlement of blue crab megalopae on
artificial collectors at site A-l during 1987 (from van
Montfrans et al., 1990). Stars indicate dates of the
present study.

to an area, however, is a function of the density of
propagules in the adjacent water and the flow rate past
thesettlement substrate.

In this study, delivery rate (mean

number of megalopae per 20-min. stationary set of paired
nets) was influenced by flow regime (eg. densities were
similar between sites, but greater number of megalopae were
collected at the site with greater tidal flow).
Correlations between availability and settlement using the
two measures of planktonic abundance (density and absolute
numbers) differed little, however.

Between-site differences

in settlement on collectors on 7 and 9 October were
accounted for by adjusting settlement (ind/collector) for
relative flow regimes among areas (from flowmeters deployed
with collectors on 7 and 9 October).

There is little doubt

that flow regimes can affect settlement rates, and it
appears that measuring the density of potential settlers in
adjacent waters may not always be sufficient to estimate
delivery rates to settlement sites.
Finally, it has been shown that settlement of blue crab
megalopae is correlated with their developmental state (molt
stage)

(Lipcius et al., 1990).

If the majority of megalopae

in the plankton are in an early developmental state and not
ready to settle, then settlement may not reflect
availability.

Also, the response of megalopae to different

settlement substrates may change as developmental state
progresses towards metamorphosis.
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Recruitment
Juvenile blue crabs were present in all grass bed
samples, reaching densities of 57/m2. This is consistent
with the paradigm that these areas serve as nursery habitat
(Heck & Orth, 1980; Penry, 1982; Heck & Thoman, 1984; Orth &
van Montfrans, 1987).

First stage crabs were abundant (up

to 24/m2) on 10 September, corresponding in time and space
with megalopal abundance in the plankton and grass beds.
This strongly suggests that initial colonization of seagrass
habitats was by megalopae, with subsequent metamorphosis to
the first juvenile instar, as suggested by Orth and van
Montfrans (1987).

First-stage juveniles constituted

approximately 30% of all juveniles collected on 10
September, but were rare in October collections.
Juvenile densities observed in this study were among
the highest reported for blue crabs (See Orth & van
Montfrans, 1987).

In contrast to the apparent localized,

episodic occurrence of megalopae and first stage juveniles,
total juvenile densities in grassbeds exhibited moderate
stability over time and space.

Either; (1) recruitment to

the different sites was random over time, such that over
longer time periods recruitment was similar among sites, or
(2) settlement was localized, but recruitment was densitydependent, such that new recruits in high densities
experienced proportionally greater mortality or emigration.
The juveniles collected were small (2.4-51.4 mm) and
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probably all came from the 1987 spawning season.

Larger

crabs move out of grassbeds to other habitats (Orth & van
Montfrans, 1987).

These populations represent a dynamic

balance between recruitment, mortality and emigration.

Conclusions
Although this study was of limited duration, it
illustrates the highly variable nature of blue crab
recruitment and the necessity for frequent sampling on
multiple temporal and spatial scales.

Abundance of

planktonic megalopae in the York River were heterogeneously
distributed across hundreds of meters and kilometers, but
not at small scales (1-2 m).

Local variation was greater

for settlement on natural and artificial settlement
substrates.

Significant variability in immigration and

settlement was observed over two days and also over one
month, but likely occurs at finer temporal scales.

The

similarity of juvenile densities across sites and time
contrasted the localized, episodic settlement by megalopae.
Settlement in grassbeds correlated positively with
abundance of megalopae in the plankton, but settlement on
artificial substrates did not correlate with planktonic
abundance or settlement in grass beds.

Factors such as

developmental state and substrate selection may mediate
relationships between availability of propagules and
settlement.

Flow regime as well as density of pre156

settlement individuals in the plankton should be measured to
adequately estimate delivery rate to a site.

Few habitats

have been documented as settlement sites for immigrating
blue crab megalopae, and recruitment dynamics of blue crab
may vary among habitats.
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CHAPTER 5

PREDATION ON BLUE CRAB MEGALOPAE
BY SAND SHRIMP AND GRASS SHRIMP

INTRODUCTION
Settlement, the transition from a pelagic, larval
existence to a benthic life style (Scheltema, 1974), is
accompanied by a changing suite of potential predators.
Predation on settlement and post-settlement stages may
affect recruitment success and community structure
(Yoshioka, 1982? Gaines & Roughgarden, 1987? Osman et al.
1989).

In addition, predation intensity may vary among

settlement sites (Keough & Downes, 1982; Summerson &
Peterson, 1984; Connell, 1985) and with settlement density
(Davis, 1988).

Because of the difficulty in distinguishing

mortality from migration, little information is available
concerning the role of predation during settlement by
species with motile post-settlement stages.
The blue crab, Callinectes sapidus Rathbun (Crustacea:
Decapoda: Portunidae), has a planktonic larval (zoeal) phase
that is advected from the estuary and undergoes development
in coastal waters (Sulkin et al-.-,- 1980; McConaugha et al. .
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1983; Provenzano et al., 1983; Epifanio et a l ., 1984).

Return to the estuary is primarily by the postlarval stage,
the megalopa, which generally reaches shallow-water
estuarine habitats prior to metamorphosis to the first
juvenile instar (Meredith, 1982; Olmi, 1986; Mense & Wenner,
1989; Chapts. 2-4 of this study).
In lower Chesapeake Bay, juvenile blue crabs are found
in higher densities in seagrass beds fZostera marina L. and
R u p p ia

maritima L.) than in adjacent nonvegetated areas

(Heck & Orth, 1980; Penry, 1982; Heck & Thoman, 1984; Orth &
van Montfrans, 1987).

Concentration of juveniles in grass

beds may result from preferential selection of these sites
by settling megalopae, differential mortality of settled
individuals between vegetated and nonvegetated sites, or
migration of juveniles to grass beds.

Grass beds serve as

initial settlement sites for blue crab megalopae (Orth & van
Montfrans, 1987; Chapt. 4 of this study), but megalopae
probably settle in other habitats as well.

And while larger

juveniles gain refuge from predation by residing in grass
beds (Heck & Orth, 1980; Heck & Thoman, 1981; Wilson et al..
1987), megalopae and early-instar juveniles may face a
different suite of potential predators (e.g., predatory
shrimps) and not gain such an advantage.

Settling megalopae

may be particularly vulnerable during transition to a
benthic habitat and metamorphosis to the first juvenile
instar (Lipcius et al., 1990).
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Episodic settlement by blue crab megalopae may elevate
survival of settlers by overwhelming predators during brief
periods (van Montfrans et al., 1990).

This hypothesis

implies that predation intensity on settling megalopae is
high, but to date, the impact of predation on the megalopal
stage is unknown.

Two potential predators on settling

megalopae are the sand shrimp Cranqon septemspinosa Say and
the grass shrimp Palaemonetes pucrio Holthuis.

Both are

abundant in grassbeds of lower Chesapeake Bay, where each
may exceed densities of 20/m2 during summer and fall (Penry,
1982; Fredette et al., 1990), the period of blue crab
settlement.

Examination of the diet and feeding behavior of

sand shrimp (Price, 1962; Welsh, 1970; Wilcox & Jeffries,
1974) and grass shrimp (Bell & Coull, 1978; Welsh, 1975;
Morgan, 1980; Kneib, 1985) reveals that small crustaceans
are important prey of both species.

Thus, sand shrimp and

grass shrimp may impact survival rates of megalopae settling
into grassbeds of lower Chesapeake Bay and potentially limit
blue crab recruitment success.
I present results of two laboratory studies of
predation on blue crab megalopae by sand shrimp and grass
shrimp.

In the first set of experiments (1 and 2), I

examined predation rates upon megalopae as a function of
shrimp species (sand shrimp or grass shrimp), density of
megalopae (2 levels), and habitat complexity (sand or sand
with artificial seagrass).

In the second study, I tested
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the hypothesis that predation on megalopae by grass shrimp
is influenced by the rate of metamorphosis of megalopae to
the first juvenile instar.

MATERIALS AND METHODS
EFFECTS OF SHRIMP SPECIES, HABITAT AND MEGALOPAL DENSITY:
EXPERIMENTS 1 AND 2
Experimental procedures
Proportional mortality (1 - number recovered/initial
number) of blue crab megalopae was examined as a function of
predator species (C. seotemspinosa or P. puaio), megalopal
density and habitat complexity.

Experiment was introduced

as a fourth factor in the analysis because the study was
conducted in two temporally separate experiments (Experiment
1, 11-13 November 1987; Experiment 2, 21-23 November 1987).
Experiments were conducted in 26.5-cm diameter, opaque
plastic containers, held under a natural light regime (11.5
h L : 12.5 h D).

Each container was filled with 2.2 cm of

sieved, dry beach sand (sieve pore size = 1.0 mm) and water
from the York River, Virginia to a level 18 cm above the
substratum (total volume = 10.2 1).

Water temperature and

salinity in the static containers were 14.5° C and 23 psu
(practical salinity units), respectively, in Experiment 1.
During Experiment 2, temperature declined from 14.0 to
12.5°C and salinity was 21.5 psu.
Habitat complexity was varied by using two treatments:
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bare sand and sand with artificial seagrass.

Artificial

seagrass blades were made of green, 5-mm-wide polypropylene
ribbon cut into lengths of 2 to 19 cm (x = 11.0 cm, SD =
3.4) and attached in bundles (= shoots) of 2 - 6 blades (x =
4.23 blades, SD = 0.70).

Eight shoots were anchored in the

sand of each container (145 shoots/m2), which is comparable
to low densities of seagrass in Chesapeake Bay (Orth &
Moore, 1986).

Total artificial seagrass surface area per

container ranged from 158.3 to 196.0 cm

(x = 175.2 cm , SD

= 1 1 .1 ).
Grass shrimp (P. puglo) and sand shrimp (C.
septemspinosa) were collected by dip net from eelgrass
fZostera marina) beds in the York River.

Treatments were

two grass shrimp or two sand shrimp or no shrimp (control)
per container (36.3 or 0 per m2) ; treatment density was
similar to high densities of these shrimps in lower
Chesapeake Bay grassbeds (sand shrimp, 26/m2 ; grass shrimp,
49/m2; Fredette et al., 1990).

Shrimps were introduced to

test containers without food 24 h prior to initiation of
experiments and were collected at the end of each experiment
by dip net or sieve.

Carapace lengths of sand shrimp and

grass shrimp were 6.5 - 8.7 mm (x = 7.6 mm, SD = 0.6) and
5.3 - 7.1 mm (x = 6.3 mm, SD = 0.5), respectively, in
Experiment 1 and 5.9 - 9.6 mm (x = 7.9 mm, SD - 0.9) and 5.1
- 7.8 mm (x = 6.3 mm, SD = 0.8) in Experiment 2.

Mean

carapace length of each species did not differ significantly
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between experiments (t-test, P > 0.20), but sand shrimp were
significantly larger than grass shrimp in both experiments
(t-test, P < 0.01).
Blue crab megalopae were obtained from York River
plankton collections on the two nights preceding each
experiment.

Two megalopal densities were examined: low, 5

megalopae/container (0.5/1 or 90.7/m2 of bottom area) and
high, 20 megalopae/container (2.0/1 or 363/m2 of bottom
area).

These densities were selected to mimic densities of

megalopae during periods of high recruitment.

Addition of

megalopae to experimental containers marked the beginning of
each 40 h experiment; at the termination of each experiment,
surviving megalopae and newly metamorphosed juveniles were
collected in a 0.5-mm sieve.

Experimental design and statistical analysis
Experiment 1 examined high prey density treatment
combinations of the two substrate and three (including
control) predator treatments

(Table 5.1).

Experiment 2

added the factor of megalopal density in a multifactorial
design with the aforementioned predator and substrate
combinations (Table 5.1).

Within each experiment, all

replicates of each treatment combination were randomly
interspersed (Hurlbert, 1984) among experimental containers.
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Proportional mortalities were angularly transformed to
normalize residual errors and equalize variances (Sokal &
Rohlf, 1981), and analyzed by multiway ANOVA tests (General
Linear Models Procedure; SAS Institute, 1985).

Variance

heterogeneity was not detected among treatments (Cochran's
test, P > 0.05) for all ANOVA comparisons in which
statistically significant differences were found.

Control

(no predator) treatments were analyzed separately to
determine recovery efficiency and non-predation mortality of
megalopae in experiments.

Between-experiment comparisons of

predator species and substrate were conducted on high
density treatment combinations.

When significant

interaction terms were present, multiple lower level ANOVAs
were used to examine the nature of the interaction effects
(Underwood, 1981).

EFFECTS OF METAMORPHOSIS OF MEGALOPAE: EXPERIMENTS 3 AND 4
Experimental procedure
During summer, 1990 I examined the effect of molting
rate of megalopae on rates of predation by P. puaio. This
investigation was conducted as Experiments 3 and 4, on 26-27
August and 6-7 September, respectively.
Experimental containers were identical to those used in
experiments 1 and 2, and were filled with similar quantities
of sieved sand and filtered water from the York River.
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Temperature ranged from 24.0 to 26.0°C during Experiment 3
and from 23.2 to 25.6°C during Experiment 4; salinities were
19 and 20 psu during Experiments 3 and 4, respectively.
Each experimental container held seven megalopae (0.7
megalopae/1) with either two grass shrimp or no grass shrimp
(control).

Grass shrimp were collected from a sea wall in

the York River and acclimated to experimental conditions
without food for 24 hours prior to initiating the
experiments.

Carapace lengths of grass shrimp were 5.7-8.4

mm (x = 6.1 mm, sd = 0.7) and 5.1-7.6 mm (x = 5.9 mm, sd =
0.7) in Experiments 3 and 4, respectively.

Because the

feeding behavior of crustaceans varies during their molt
cycle (Lipcius & Hernkind, 1982) and observations conducted
prior to the second set of experiments indicated that
behavior of grass shrimp exposed to megalopae differed
considerably among individuals, the uropods of grass shrimp
were examined after each experiment to determine their molt
stage according to the criteria in Aiken (1973).
Megalopae were collected the night prior to each
experiment from plankton nets either suspended in the York
River or towed off the mouth of Chesapeake Bay (collection
locations were: York River, Experiments 3 and 4, 37 14'N 76
30'W? Bay mouth, Experiment 3, 37°01,N 75°49/W, Experiment
4, 37°02'N 76°03,W).

Blue crab megalopae collected in the

York River are more advanced in the molt cycle than
166

megalopae collected near the Chesapeake Bay mouth (Metcalf &
Lipcius, 1992).

This provided two groups of megalopae

(treatments): those from the York River which were likely to
metamorphose to the first juvenile instar during the
experiment, and those from the vicinity of the Bay mouth
which were not likely to metamorphose-

Each experiment

began with the introduction of megalopae to experimental
containers and ran for 24 h.

At the end of each trial,

shrimp, megalopae and first-stage juveniles were collected
by emptying the contents of each container through a 1.0 mm
sieve.

Experimental design and statistical analysis
The experimental design consisted of Experiment (2
levels) and Location (origin of megalopae; 2 levels: York
River or Bay mouth) as main factors (Table 5.2).

Control

treatments were included in the design to determine recovery
rates of megalopae (handling mortality and loss), and were
analyzed separately from shrimp treatments.

Proportional

mortality was calculated for each container, and these
values were angularly transformed to meet assumptions of the
two-way ANOVA (General Linear Models procedure; SAS
Institute, 1985).
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RESULTS
EFFECTS OF SHRIMP SPECIES, MEGALOPAL DENSITY AND HABITAT:
EXPERIMENTS 1 AND 2
Controls
At the termination of experiments 1 and 2, 22.4% and
3.1%, respectively, of megalopae introduced to control
treatments had metamorphosed to the first juvenile instar.
The mean recovery rate of blue crab megalopae and juveniles
from control treatments was 97.8%.

Control proportional

mortalities (= 1 - proportion recovered) were not affected
by substrate, prey density, or experiment (Fig. 5.1).

Predation effects
Some shrimp (four C. septemspinosa and three P. puqio)
molted during experiments, but megalopal mortality did not
differ noticeably between replicates with or without molted
shrimp.

In the first experiment (high prey density only),

mean proportional mortalities of megalopae were 0.99 in sand
shrimp treatments and 0.37 in grass shrimp treatments (Fig.
5.1).

Mortality of megalopae differed significantly by

predator species, but not by substrate (Table 5.3).

The

difference in mean mortality between levels of substrate
(across predator species) was 0.061; the analysis had little
power to detect this difference, which was deemed
biologically insignificant.

In the second experiment,

proportional mortality of megalopae again differed
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Figure 5.1. Proportional mortality of blue crab megalopae by
experiment (1 or 2), megalopal density (high or low),
substratum (sand or sand with artificial seagrass), and
predator species (contol or sand shrimp C_.. septemsoinosa or
grass shrimp P. .pugip). Only high density treatments were
run in Experiment l. Error bar = 1 sd.

H

ft

O
O

«H
n
in

nt
•3*
H

<P
O

ft

VO
n
•

CO

H

VO

■M*
•

H

o

VO
m
cn
ov
*
CM

CO
r"

o
o

■

o

to *
0 CD
•rl P
P id
•H P
rH P
id (0
P p
P 3
O CO
s <a
1—1 £
<d id
£
o
•h ■£
p a)

H
in

•
CM

in
VO

o

•

p p
O ft
ft^—o
p to

VO
CO
H
O
•

o

o

f t Q>
•H
TJ O

<u <U
g ft
p CO

n

o

MH P

«

TABLE

in

M
•a

10 o
£ P
<d id
P TJ

H
H

p a>
p
>1ft

rH

p
id

••
CO

rH p
VO

in
cv
cv
•
CM

CO

in

r»
o
o

o

o

o

*

VO
»

CM
't

*—I

o

in

CM
•

CM
•

o

n

3 o
& p
£ o
id id

P
o
cp

ft

*
rH

CD P

rH £

P CD
cd 6
P •H

G
0

£
>

■H

a)
+i
id
P
P
W
o

-P
<d
•H
p

$
>
0

0

p

id

o
p
3

0
to

-p
•a
CD
Jh

ft

•0

CO

ft

a)

p

CD
P<

X

ft
£

•

■H

CO CD

• id
in f t

CO

CO
xi

3

<3
<43

■§

p

cd

o

P

p
0
p

p

ft

rH

<d
P
o
EH

o
<ui—(

rH Id

P &l
id <u

Eh g

significantly between sand shrimp and grass shrimp
treatments, with mean proportional mortalities of 0.99 and
0.06, respectively.

No effect of prey density or habitat

was detected because of small differences in proportional
mortality between levels of each of these main effects
(megalopal density: 0.025; substrate: 0.033) (Fig. 5.1,
Table 5.4).

Comparisons across experiments, restricted to

high prey density treatments, detected significant effects
of predator species, experiment, and the predator species x
experiment interaction (Table 5.5).

The predator species x

experiment interaction resulted from a significant decline
in proportional mortality of megalopae in the grass shrimp
treatments from Experiment 1 to Experiment 2 without a
similar decline in the sand shrimp treatments (Fig. 5.1;
ANOVA, P < 0.05).

EFFECT OF METAMORPHOSIS OF MEGALOPAE: EXPERIMENTS 3 AND 4
Controls
Recovery of megalopae and first instar crabs in control
treatments was 95.2% (40 of 42) in Experiment 3 and 88.1%
(37 of 42) in Experiment 4.

Proportional mortality

(handling loss and mortality) did not differ significantly
by experiment or location (Fig. 5.2, Table 5.6), so the
experimental data were not adjusted for handling mortality
or loss.

Evidence of cannibalism (partially eaten megalopa)

was observed in one control trial (York River megalopa).
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Figure 5.2. Proportional mortality of blue crab megalopae
in control and grass shrimp P^. puaio treatments by
experiment (3 or 4) and origin of megalopae (York River or
mouth of Chesapeake Bay). Error bar = 1 sd.
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None of the megalopae collected from the vicinity of
the Bay mouth molted in control treatments (Experiment 3, 0
of 20? Experiment 4, 0 of 18).

In contrast, of the York

River megalopae recovered in control treatments, 95.0% (19
of 20) and 94.7% (18 of 19) had metamorphosed to the first
juvenile instar during Experiments 3 and 4, respectively.
Hence, location treatments were regarded as proxy for
molting (York River) and non-molting (Bay mouth) megalopae
(here I assume that the difference in molting rates between
York River and Bay mouth megalopae influence predation rates
to a greater degree than other possible behavioral
differences related to their collection location).

Predation effects
Proportional mortality of megalopae in grass shrimp
treatments did not differ by experiment or location (Fig.
5.2, Table 5.6), and was 0.786 overall.

High variability

among megalopal mortality rates in grass shrimp treatments
resulted in low power to detect location effects, but the
difference in mean proportional mortality between York River
and Bay mouth megalopae was slight (0.06) and was not
considered biologically significant.

Proportional

mortalities in most replicates (11 of 14) were high (0.857
or 1.000), but in each of three replicates (Experiment 3,
York River? Experiment 3, Bay mouth? Experiment 4, Bay
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mouth) only one megalopa was consumed (proportional
mortality = 0.143).

Low mortality in these replicates did

not appear related to size or molt condition of the grass
shrimp; i.e., carapace lengths and molt stages of shrimp in
replicates with low mortality were similar to those of
shrimp in replicates with high mortality (Table 5.7).

DISCUSSION
EFFECTS OF PREDATOR SPECIES AND MOLTING RATE OF MEGALOPAE
Sand shrimp, C. septemspinosa. were extremely effective
predators on blue crab megalopae, consuming virtually all
megalopae during 40 h experimental periods.

This is

consistent with previous studies that have shown that sand
shrimp prey actively on small crustaceans (Price, 1962;
Welsh 1970).

Further, Price (1962) noted that seasonal

changes in the diet of sand shrimp probably reflected prey
availability; crustaceans were the dominant prey, with
mysids and decapod larvae most important at certain times of
the year.

Sand shrimp were also effective predators on

mysids in the laboratory (Welsh, 1970).
In the present study, predation on blue crab megalopae
by grass shrimp was significantly less than that by sand
shrimp.

Sand shrimp were larger than grass shrimp in this

study, but I suggest that differences in megalopal mortality
rates between shrimp species resulted from different feeding
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strategies and activity levels of the two shrimp species.
Palaemonetes puqio is an opportunistic omnivore that feeds
on detritus (Welsh, 1975), epifauna (Morgan, 1980),
meiofauna (Bell & Coull, 1978), and macrofauna (Kneib,
1985).

Large, mobile prey appear to be less important in

the diet of grass shrimp than sand shrimp.

Observations of

grass shrimp behavior in aquaria suggest that most attacks
on blue crab megalopae were the result of random encounters
and not pursuit by grass shrimp (E. Olmi, pers. obs.).
Predation by grass shrimp declined significantly from
the first experiment (39%) to the second experiment (6%),
concurrently with decreases in water temperature (from 14.5
to 12.5° C) and the molting rate of megalopae to first
juvenile instar.

Many crustaceans are highly susceptible to

predation during the period surrounding ecdysis (Lipcius and
Hernkind, 1982 and references therein), and I hypothesized
that the difference in predation rate between Experiments l
and 2 was related to molting activity of megalopae.

I

further examined the effect of molting rate of megalopae on
predation by grass shrimp in experiments 3 and 4, and found
that predation rates on groups of megalopae with high and
low molting rates did not differ.

These results were

contrary to expectations and suggest that molting megalopae
and non-molting megalopae were equally vulnerable to grass
shrimp predation.
180

Water temperature during the latter set of experiments
was higher (~25°C), and the mortality of megalopae over all
shrimp treatments was 79%.

Morgan (1980) observed that the

assimilation rate of epiphytes by P. puaio declined nearly
exponentially with a decline in water temperature from 30 to
14°C.

Feeding activity of grass shrimp during Experiments 1

and 2 may have been depressed compared with Experiments 3
and 4 when water temperatures were higher.

I suggest that

grass shrimp can effectively prey on blue crab megalopae
when temperatures are warm and feeding activity is high
(Experiments 3 and 4); however, at low water temperature
when feeding activity is reduced (Experiments 1 and 2),
grass shrimp are ineffective at capturing active megalopae,
and predation rates may be influenced by the molting rate of
megalopae.

Thus, qualitatively, it appears that the

susceptibility of megalopae to predation by grass shrimp
varies with water temperature, and may also vary with
molting rates of megalopae at low water temperatures.
Ingress of blue crab megalopae in the York River occurs
from July through November over a temperature range of about
10-28°C.

Although grass shrimp predation likely declines

toward the end of the recruitment period, sand shrimp were
active predators at the low temperatures in our study (i.e.,
12.5 - 14.5°C). Thus, during the time of blue crab
settlement, sand shrimp and grass shrimp are abundant in
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grass beds of lower Chesapeake Bay, and at least one or both
species are capable of actively feeding throughout the
settlement period.

EFFECTS OF PREY DENSITY AND HABITAT COMPLEXITY
Predatory responses of invertebrates and vertebrates
often vary as a function of prey density (Hassel, 1978).

In

this study, however, I did not detect a difference in
predation rates between two prey density treatments for sand
shrimp or grass shrimp.

Megalopal densities higher than

those observed in lower York River grassbeds (maximum of
11.5/m2' Chapt. 4) were used, intending to mimic densities
of megalopae during peak settlement.

Nevertheless, sand

shrimp consumed almost all megalopae at both prey densities
during the 40-h experiments.

In grass shrimp treatments,

39% of the available megalopae were consumed during the
first experiment, but only high density treatments were
examined.

Predation by grass shrimp was near zero in both

density treatments during Experiment 2, precluding
examination of density effects for grass shrimp.
Habitat features significantly influence prey survival,
with survival generally positively correlated with habitat
complexity (Stoner, 1980; Coen et al., 1981; Orth et al.,
1984; Summerson & Peterson, 1984). In contrast, Morgan
(1980) observed that the presence of epiphyte-free seagrass
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Halodule wrightii did not significantly affect predation on
mysids by grass shrimp.

Similarly, presence or absence of

artificial seagrass had no effect on predation of megalopae
by sand shrimp or grass shrimp in our laboratory study.
Blue crab megalopae clung to artificial grass blades in
aquaria, but gained no protection from predation by the
presence of grass.

Natural shoot densities vary seasonally

and spatially, but may exceed 1000/m2 during fall in lower
Chesapeake Bay (Orth and Moore, 1986).

Only one moderate

density (145 shoots/m2) of grass was tested in this study,
and it is not known if protection may be afforded by higher
shoot densities.
Megalopae settling into grass beds of the York River
generally are in an advanced premolt stage, ready to
metamorphose to the first juvenile instar (Lipcius et al.,
1990); this is a time when they are particularly vulnerable
to predation.

Although seagrass beds harbor numerous

potential predators, remaining in the water column or
settling on unstructured substrate may carry greater risk of
predation mortality.

Further research will be necessary to

define the functional response of these shrimps to varying
abundance of megalopae and the role of habitat complexity in
mediating predation in this system.
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IMPLICATIONS FOR BLUE CRAB RECRUITMENT

Grassbeds are settlement habitats for immigrating
megalopae, but many potential predators also concentrate in
seagrass beds.

This study showed that two common residents,

the sand shrimp C. septemspinosa and the grass shrimp P.
puqio. are effective predators of blue crab megalopae in the
laboratory when megalopae are the only prey offered.

Both

shrimp species are abundant in seagrass beds during the
period of blue crab settlement, and include prey similar to
blue crab megalopae in their diets, suggesting that these
shrimps may significantly impact blue crab recruitment
success.
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CHAPTER SIX

GENERAL SUMMARY AND CONCLUSIONS

The blue crab has a complex life history that includes
habitation of estuarine benthos by juveniles and adults and
occupation of surface coastal waters during the planktonic
larval phase.

The postlarval stage, the megalopa, is

transitional in morphology and behavior between larval and
juvenile stages and geographically links these life history
phases.

Recruitment and subsequent demographics of blue

crab in Chesapeake Bay may largely be determined by factors
affecting the immigration, settlement and survival of
megalopae.
I examined the vertical distribution of blue crab
megalopae in the York River, Virginia, to test the
hypothesis that megalopae are not randomly distributed in
the water column, but are positioned to take advantage of
circulation patterns that would augment estuarine
immigration (Chapt. 2).

The abundance and vertical

distribution of megalopae in the water column were
related to light and tide (flood vs. .ebb) but not current
speed, wind speed, water temperature or salinity.
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Megalopae

were more abundant in the water column during flood than ebb
tidal currents, indicating a net upstream transport.

Peak

concentrations of megalopae were found at the surface during
night flood currents; megalopae were much less abundant
during night ebb.

During day, megalopae were nearly absent

from the water column in shallow water, but were
occasionally abundant near the bottom in deep water.

These

results suggest that megalopae are vertically migrating in a
manner that would maximize upstream transport (on or near
the substrate during ebb and up into the water column during
flood), but their ascent into the water column is lightlimited.

Avoidance of well-lit waters should reduce the

risk of mortality from visual predators.

This study

indicates that tidal currents are more important than
residual inflow of bottom water (gravitation circulation)
for megalopal transport in the York River.
Plankton samples were collected nightly in the York
River during the period of blue crab recruitment in 1987,
1988 and 1989 in order to examine relationships between
fluctuations in abundance of megalopae and environmental
factors that might affect their transport into the estuary
(Chapt. 3).

Abundance of megalopae was related to east-west

wind stress (1987, 1988, and 1989), tidal range (1987 and
1988) and north-south wind stress (1989).

These variables

explained 22-56% of the variation in abundance of megalopae
in nightly samples.

Abundance of megalopae was not
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significantly related to water temperature, salinity or
Chesapeake Bay subtidal volume flux.

High megalopal

abundance was strongly associated with winds blowing to the
west which transport surface dwelling megalopae in coastal
waters toward the mouth of Chesapeake Bay, and surface
dwelling megalopae in lower Chesapeake Bay toward the York
River.

Meteorologically-forced influx of coastal waters

probably contributes to the transport of megalopae into the
Bay, but subtidal volume flux was not significantly
correlated with abundance of megalopae.

Megalopal abundance

was positively correlated with tidal range in 1987 and 1988.
This pattern indicates the potential importance of two
processes: 1) increased tidal excursion, which may
facilitate transit of megalopae through the Bay mouth and
more rapid migration toward estuarine nursery grounds, and
2) cross-shelf transport of megalopae in surface slicks over
tidally-forced internal waves.

Of the two, I believe

increased tidal excursion is more important.
Blue crab megalopae and juveniles were sampled in the
plankton and on natural (seagrass beds) and artificial
settlement substrates (collectors) at each of two sites in
two areas of the lower York River in order to examine
spatial variability in blue crab recruitment (Chapt. 4).
Spatial patterns of abundance were not consistent across
habitats (plankton, collectors, grassbeds) or time.
Densities of planktonic megalopae were homogeneous at 1-2 m
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(within site), but varied at spatial scales of hundreds of
meters (between sites) and kilometers (between areas).
Settled megalopae were unevenly distributed within and
between sites; high variability in settlement may be related
to small-scale habitat selection.

High within site

variability precluded detection of differences in settlement
between areas.

Densities of megalopae and first-stage

juveniles in grassbeds were positively correlated with
abundance in the plankton; thus, settlement correlated with
the supply of potential settlers in the water column.
Settlement on collectors, however, was not correlated with
abundance in the plankton, probably because of low sample
size.

High temporal and spatial variability in immigration

and settlement of megalopae was evident at the scales
examined.

Juvenile abundance in grassbeds was less variable

than megalopal or first-stage crab abundance, suggesting
that post-settlement processes (e.g., migration, predation
mortality) act to homogenize abundances within and between
grassbeds.
Although grassbeds likely provide shelter for juvenile
blue crabs, settling megalopae may be vulnerable to
predation by other species that are abundant in grassbeds.
Such predation could affect recruitment success.

I examined

the effects of two potential predators, two densities of
megalopae, and two levels of habitat complexity on mortality
of blue crab megalopae in laboratory experiments (Chapt. 5).
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Sand shrimp, Cranqon sentemspinosa. consumed >99% of
megalopae in each of two 40 h trials.

Grass shrimp,

Palaemonetes puqio. consumed 37% of megalopae in the first
trial, but only 5% in the second trial.

The decline in

mortality between trials one and two was associated with
declining water temperature and molting rate of megalopae.
No effect of habitat (bare sand or sand with artificial
seagrass) or megalopal density on predation rates was
detected for either predator species.

I then tested the

hypothesis that megalopae molting to the first juvenile
instar suffer higher predation mortality by grass shrimp
than megalopae not undergoing metamorphosis.

This

hypothesis was rejected because predation rates did not
differ between treatments with 0 or 95% metamorphosis.
Higher predation rates (77%) by grass shrimp in the second
set of experiments were associated with warmer water
temperature, though water temperature was not included
formally as a factor in the design.

Sand shrimp and grass

shrimp are capable predators of blue crab megalopae in the
laboratory, include similar prey items in their natural
diets, and are abundant in seagrass beds of the lower
Chesapeake Bay during the time of megalopal immigration.
Sand shrimp and grass shrimp likely prey on megalopae
settling into grassbeds and may impact blue crab recruitment
success.
Based on these results and the literature reviewed in
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Chapter One, I offer the following scenario for the
immigration and settlement of blue crab megalopae.
crab zoeae and megalopae are mostly neustonic.

Blue

Winds

blowing from the south during the summer months likely are
important for larval retention on the shelf in the vicinity
of the estuary of origin, but do not provide a mechanism for
estuarine immigration.

Peak concentrations of megalopae

have been found tens of km from shore.

I suggest that two

mechanisms are important in the transport of megalopae from
shelf waters into Chesapeake Bay and to estuarine nursery
areas.

These processes depend upon different behaviors of

megalopae.
Winds blowing toward the west transport large numbers
of surface-dwelling megalopae in shelf waters toward the
coast and concentrate them in the nearshore zone.

These

winds may also transport megalopae through the mouth of
Chesapeake Bay at the surface or at any depth via subtidal
volume flux.

Wind patterns in the region change during late

summer and fall, and strong winds to the west are likely
each year.

Whether or not winds to the west are associated

with intense immigration depends on the abundance and
location of megalopae on the shelf.

High abundance of

megalopae immigrating the York River during brief periods
associated with winds blowing to the west may comprise a
large proportion of the total number reaching the estuary
each year.
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Although winds may transport megalopae through the Bay
mouth, it seems that megalopae only need to reach the
vicinity of the Bay mouth - within the tidal excursion prism
- to gain entry.

Megalopae undergo a behavioral transition,

from occupying surface waters over the shelf to migrating
vertically within estuaries.

The timing, location, and

stimuli for this transition are not known, but it likely
takes place near inlets, with chemical and physical
properties of estuarine outflow and tidal currents serving
as stimuli.
From the inlet, megalopae migrate vertically, moving
into the water column during flood currents and descending
to the bottom during ebb, to achieve rapid transport toward
the upper estuary.

Immigration of megalopae into the

estuary is enhanced during spring tides because increased
tidal excursion allows more rapid transport and may provide
stronger cues to megalopae in the vicinity of the inlet.
Though winds blowing to the west are associated with high
influx of megalopae, apparently a lower number of megalopae
are able to immigrate regularly on spring tides.

Migratory

behavior of megalopae is influenced by light - megalopae
avoid well-lit waters and the potential risk of mortality
from visual predators.

Frequent descent to the bottom

during saltatory upstream migration enables megalopae to
contact substrates which may serve as settlement sites.
Seagrass beds serve as settlement habitat for
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megalopae.

Spatial and temporal variability of settlement

in grassbeds reflects the variability in the supply
(planktonic abundance) of megalopae mediated by settlement
behavior.

High settlement events influence local

demographics of blue crabs in estuaries; migration out of
high density areas and predation, however, tend to dampen
initial variability in abundance among seagrass beds.
Predation within seagrass beds may play a role in limiting
recruitment success, though our understanding of these
interactions is limited.
This work helps clarify several key points in our
conceptual model of blue crab recruitment.

First, it notes

the importance of direct wind-forcing of megalopae in
surface coastal waters as a mechanism for enhancing
immigration of megalopae into estuaries such as Chesapeake
Bay.

Second, it documents vertical migratory behavior of

megalopae in estuaries, and suggests that this is the
primary mechanism for upstream transport of megalopae in
estuaries.

Increased tidal excursion during spring tides

likely enhances transit of megalopae through the Bay mouth
and augments upstream migration.

Finally, this study

documented a relationship between abundance of megalopae
immigrating into the York River and settlement in seagrass
beds, and noted that high variability in settlement of
megalopae appears to be tempered by post-settlement
processes.
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APPENDIX ONE

EFFECT OF SCREENS ON NET PERFORMANCE

Nets used in the nightly plankton series were equipped
with wire screens to reduce the catch of gelatinous animals
(mostly the coelenterates Chrvsaora quinquecirrha and
Aurelia aurita and the ctenophore Nmemiopsis leidyi) during
sampling for blue crab megalopae.

The wire screens

(hardware cloth) had square mesh of 2.5 cm and were bent
into a V shape.

Screens were attached to the front of each

of the paired nets and extended the length of the net.
I utilized paired comparisons of nets with and without
screens to quantify the effect that these screens had on
flow rates and the capture of megalopae.

One screen was

randomly allocated to one of the paired nets during 28 night
flood tide collections (other than the regular nightly
samples). The 28 pairs of samples were collected on the
following dates: 31 Oct 1989 (n=4, nets FP01 & FP02), 01 Nov
1989 (n=10, nets FP01 & FP02 and FP03 & FP04), 26 July 1990
(n=6, nets FP01 & FP02), and 25 August 1990 (n=8, nets FP01
& FP02 and FP03 & FP04).

Similar to the nightly series

(Chapt. 3), nets were emersed in the flooding current for 20
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min and sampled an area 0.5 m wide from the surface to a
depth of 0.8 m.

Differences in flow and catch rates between

nets with and without screens were calculated as the ratio
of nets without screens/nets with screens.
The two sampling dates in 1989 were late in the year,
when the gelatinous animals were in very low abundance.

The

1990 samples were collected during times of high (26 July)
and moderate (25 August) abundance of gelatinous animals.
The abundance of gelatinous animals was not quantified.
During the "no jellyfish" conditions (1989
collections), the presence of screens (compared to nets
without screens) had the following effect: volume filtered
was reduced by 8.5% (sd=4.9%)? number of megalopae collected
was reduced by 24.9% (sd=34.5%); and megalopal density was
reduced by 15.5% (sd=33.3%)

(Table Al.l).

Using the

Wilcoxon rank test for paired samples in a one-tailed test,
the median value for each of these three variables was
significantly reduced (P<.05) in nets with screens compared
to nets without screens (Table A1.2).
When gelatinous animals were present (1990
collections), the presence of screens had the following
effect: volume filtered was reduced by 14.7% (sd=12.5%);
number of megalopae collected was reduced by 239% (sd=145%);
and megalopal density was reduced by 206% (sd=121%)
Al.l).

(Table

Using the Wilcoxon rank test for paired samples in a

one-tailed test, the median value for each of these three
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TABLE Al.2

1989 Comparisons

VARIABLE

EST. MEDIAN
DIFFERENCE

WILCOXON
STATISTIC

volume filtered

6.65

105.0

0.001

number collected

7.50

89.5

0.011

density

0.39

80.0

0.045

1990 Comparisons

EST. MEDIAN
DIFFERENCE

WILCOXON
STATISTIC

volume filtered

10.60

101.0

0.001

number collected

36.50

104.0

0.001

3.05

95.0

0.004

VARIABLE

density

Table A1.2. Results of Wilcoxon's rank test for paired
comparisons (with screen vs without screen) in a one-tailed
test of volume filtered, number of megalopae collected, and
density of megalopae: A. combined collections in 1989 (n=14
no coelenterates), and B. combined collections in 1990
(n=14; coelenterates present).

variables was significantly reduced (P<.05) in nets with
screens compared to nets without screens (Table A1.2).
Within the 1990 samples, the effect of screens differed
between dates of "moderate11 and "high" jellyfish abundance.
When gelatinous animals were very abundant (27 July 1990),
the presence of screens had the following effect: volume
filtered was reduced by 17.8%; number of megalopae collected
was reduced by 336%; and megalopal density was reduced by
288%.
The screens that were attached to plankton nets in this
study reduced flow through the nets by 8.5% during times
when coelenterates were not present.

Screens effectively

reduced the capture of coelenterates in nets, but there was
some clogging of screens, and under conditions of high
coelenterate abundance, flow was reduced by as much as
17.8%.
Capture rates of megalopae were also affected by
screens - significantly lower densities of megalopae in nets
with screens indicates that there is increased avoidance of
nets with screens compared to nets without screens.

This

ratio of densities also varied among sampling dates, from
1.155 during "no jellyfish" conditions to 1.452 during
"moderate" jellyfish conditions to 2.878 on the day of high
jellyfish abundance.
Thus, not only are flow rates decreased during times of
coelenterate abundance, but net avoidance also increases.
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The effect of this is a temporal shift in the capture
efficiency of the nets, related to coelenterate abundance.
For example, densities of megalopae in July probably under
represent the true megalopal densities compared with samples
collected later in the year when coelenterates were less
abundant.

Though the magnitude of density estimates may

vary, the relative timing of peaks would not be affected.
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APPENDIX TWO

CURRENT 8PEEDS AND FILTRATION EFFICIENCIES
DURING THE NIGHTLY SERIES

Current speed during each deployment was calculated
from the current meter attached to the net frame between the
two nets (Chapt. 3).

Thus, the measure of current speed

(calculated using conversions supplied by the manufacturer)
is an average for the 20-min duration of the deployment.
The volume of water sampled in each net during a deployment
was calculated as the linear distance of water that passed
through the net multiplied by the emersed area of the net
opening.
Current speed ranged from 6.7 to 41.4 cm/s; however,
in each of the three years the average current speed was
approximately 25 cm/s (Table A2.1).

Water volumes sampled

per net during a 20-min deployment ranged from 19.8 to
222.3 m3 over the three years of the study; mean volumes for
each year were 95.2-107.1 m3 (Table A2.1).
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TABLE A2.1

VARIABLE

YEAR

Current Speed

1987

Volume Sampled

MEAN

sd

MIN

MAX

25.6

5.4

12.2

36.8

1988

24.3

5.7

6.7

41.4

1989

24.6

6.3

11.9

39.3

1987

95.2

26.8

39.8

154.7

1988

104.4

27.1

26.3

183.1

1989

107.1

35.5

19.8

222.3

Table A2.1. Current speeds and volumes sampled per net
during 20-min deployments in the nightly series in 1987,
1988 and 1989.

Screens were in place on nets throughout the nightly
sampling series in 1987, 1988 and 1989.

Comparison of water

flow through the nets (including screens) with water flow
past the current meter located between the two nets provides
an estimate of the overall filtration efficiency of the gear
used in the nightly series.

Filtration efficiency was

calculated for each deployment of the paired nets as
follows:
Efficiency = (fflow net 1 + flow net 21 / 2)
flow of free meter
Average water flow through the nets was approximately 90% of
flow past the open meter in the three years (Table A2.2).
Most of this reduction in flow through the nets appears
attributable to the effect of screens rather than the nets.
Filtration efficiency was not correlated with current speed.
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TABLE A2.2

YEAR

N

MEAN

sd

MIN

1987

73

87.1%

8.1%

47.5%

94.4%

1988

82

91.5%

4.8%

63.2%

99.7%

1989

77

90.3%

4.3%

81.1%

98.7%

MAX

Table A2.2. Filtration efficiency (in percent) for plankton
nets used during the nightly series of collections in each
Of 1987, 1988 and 1989.

APPENDIX THREE

VARIABILITY IN THE ABUNDANCE OF BLUE CRAB MEGALOPAE

IN SURFACE COLLECTIONS DURING NOCTURNAL FLOOD TIDES

The time-series of nightly plankton collections
(Chapter 3) is based on one deployment of the paired nets
each night at the time of estimated maximum flood current
during darkness.

Is this one collection representative of

the entire flood tide, or do surface densities of megalopae
flowing past the sampling.location vary greatly (i.e.,
patchily distributed in the horizontal), such that one
collection tells us little about the abundance of megalopae?
To address this question I sampled repeatedly with the
paired nets during night flood tides on seven separate
dates.

Methodology was identical to that used during the

nightly collections except that sampling began <1 hr after
the beginning of flood and the paired nets were deployed
every 40 min.

Seven paired samples were collected on each

of the seven dates.

For each deployment the mean density of

the paired samples was considered an independent
observation.

On each date, one sample (set 4 or set 5) was

identified as that sample which corresponded to the nightly
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time-series collection (i.e., it was collected at the time
of predicted maximum current).
The coefficient of variation for megalopal densities
among the seven sets ranged from 29.3% to 106.9%; the
average coefficient of variation for the seven sampling
dates was 58.1%.

On all seven dates, megalopal density in

the sample which corresponded to the nightly time-series
collection was within one standard deviation of the mean
density for that date (Fig. A3.1).
Current speed, measured at the time of collection,
ranged from 7.2-30.3 cm/s.

Current speed was not

significantly correlated with the number of megalopae
collected or megalopal density (NMEG = 3.5 + 6.28 CUR,
rz=5.6%, P=0.13, df=41;
P=0.66, df=41).

DENS = 12.6 + 0.196 CUR, r2=0.5%,

Mean current speed and mean density by set

(averaged across dates) is presented in Fig. A3.2.
Log-transformed densities from each set were analyzed
in a two-way ANOVA for repeated measures with Set (order of
deployment) as the main factor and Date as a blocking
factor.

Densities of megalopae differed significantly among

dates of collection (P<.01), but the order of deployment
during the flood tide (Set) was not significant (P>.05).
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FIGURE A3.1
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Figure A3.1. Range (vertical line) and mean (horizontal
line) of megalopal densities by date (n=7 sets per date).
The shaded vertical bar indicates plus and minus one
standard deviation of the mean. The density of megalopae in
the collection that corresponded to the nightly series is
represented by
.

30

30

25

25

CURRENT

SPEED

20

10

current speed
m eg. density

SET
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